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Chapter 1. Introduction  
Since the industrial revolution, human activity has drastically changed the carbon 
cycle as a result of a large amount of fossil fuel utilization (Fig. 1.1).1) As a result, the 
level of carbon dioxide emission in the atmosphere has been rising significantly. It has 
become to widely be agreed that our globe is undergoing major climate change because 
of the increase in greenhouse gas concentration in atmosphere. The potential effect of 
carbon dioxide emissions on the climate change is a global issue for energy intensive 
industries, such as the iron and steel industry, which accounts for approximately 8% of 
the total global anthropogenic greenhouse gas emissions (Fig. 1.2).2) This is due to a 
resource-intensive production and their mass scale: steel is by far the world’s most 
important metal and used in every country and in virtually all sectors. With continued 
growth in demand of steel, especially from emerging countries, emissions from iron and 
steel making are expected to keep rising. Energy use and emissions depend on the 
production methods employed. Increasing coordination in the industry would ensure the 
application of more efficient technologies and the development of next generation 
technologies with the greatest mitigation potential. 
1.1 CO2 emissions in conventional ironmaking process 
 
The majority of greenhouse gas emissions from iron mad steel industry are caused 
by the combustion of fossil fuels, the use of electrical energy, and the use of coal and 
limestone as feedstock. There are three routes are used to make steel. The primary route 
is blast furnace and basic oxygen furnace steelmaking (about 69%) employed in almost 
50 countries, which the iron ore is reduced to hot metal in blast furnace by using mostly 
coke, and then processed into steel. In the second route (about 27%), scrap steel is 
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melted in electric-arc furnaces to produce crude steel that is further processed. This 
process uses only 25 to 30% of the energy of the primary route, with CO2 emissions 
reduction being a function of the source of electricity. The remaining steel production 
(about 4%), uses natural gas to produce direct reduced iron (DRI).3) Figure 1.3 shows 
the changes in annual crude steel productions from such processes. 
With development in history of stepped in advancing ironmaking technology for 
the last 4000 years, the production of molten iron from blast furnace has held the 
predominant position to present day as the method of supplying virgin iron units for 
oxygen steelmaking.4) However, the conventional ironmaking process remains 
dependent on the availability of sintering and coking sections for the burden preparation. 
The conventional ironmaking process consumes a large amount of fossil fuels, 
especially coal, and emits a large amount of CO2 which is a major greenhouse gas. 
Reduction of iron oxide is totally indicated as 2Fe2O3+3C=4Fe+3CO2 generating CO2. 
The reduction reaction alone emits 0.59t-CO2/t-steel, and in fact, the iron content of iron 
ore is limited to some 60% as maximum. Therefore, heat sources are required to melt 
iron ore including non-ferrous components and promote the reduction reaction.5) On the 
one hand, emissions from such conventional ironmaking process result directly from the 
manufacture process of coke used as a reducing agent for iron ore. The sintering process 
which agglomerated the fine iron ores to modify as blast furnace burdens also consumes 
a number of energy and emits CO2. In the conventional ironmaking process, CO2 
emissions from coke oven battery would be 18.4%, and 19.6% is accounted in sinter 
plant. The hot metal produced in blast furnace will emit remain CO2 nearly 62%.
6) 
Totally, the average CO2 emission intensity from conventional ironmaking process is 
approximately 1.4 ton/ton-steel.5) It almost accounts for approximately 70% in whole 
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iron and steel making process.7) Since the global CO2 emissions is increasing with 
increase in the steel productions (Fig.1.4), development of an innovative CO2 reduction 
technologies is required. 
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Fig. 1.1 Typical carbon cycle considering the anthropogenic activities.
 1) 
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Fig. 1.2 CO2 emissions from different industrial sectors in 2008. 
2) 
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Fig. 1.3 Changes in annual crude steel productions by different processes.
 3) 
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Fig. 1.4 Changes in the world annual production of crude steel and the 
global CO2 emissions.
3) 
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1.2 The recent state of technologies in ironmaking process to reduce 
CO2 emissions 
 
The blast furnace process accounts for a large proportion of global crude steel 
productions and it is about 70% of contribution on CO2 emissions in iron and steel 
industry. Fundamental researches are coming into activated to meet the demand for the 
improvement in reaction efficiency by lowering the reaction temperatures in the 
conventional ironmaking process. In particular, since the reaction of solution loss 
reaction in blast furnace is an intensive endothermic reaction and controls the reactions 
inside the furnace, the increase in reaction rate and lowering solution loss reaction 
temperature are actively made. In the thermal reserve zone of the blast furnace, the rate 
of temperature rise of the materials charged into the blast furnace becomes minimum. 
The temperature in the thermal reserve zone is approximately equal to the starting 
temperature of the solution loss reaction, which is an intensive endothermic reaction. If 
the thermal reserve zone temperature can be lowered, the equilibrium concentration of 
CO/CO2 for FeO-Fe reduction reaction will be also lowered, resulting in the 
dramatically improved CO gas utilization efficiency at the furnace top and the decrease 
in reducing agents rate. 8,9,10)  
1.2.1 Researches on the application of highly reactive coke in blast furnace  
In order to increase the rate of solution loss reaction, highly reactive coke which 
leads to significant improvement of blast furnace reaction efficiency had been studied 
by Nomura et.al. 11,12,13) On their serial researches, the addition of Ca-rich non-caking 
coal and iron ore powder were first attempted to coal before carbonization. Such 
treatment increased the coke reactivity to a great extent. The use of the Ca-rich coke in a 
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practical blast furnace was found to cause a decrease in the reducing agent rate by 10 
kg/tHM (tHM: ton of Hot Metal). However, the addition of Fe powder decreased coal 
caking property and hence resultant coke strength. The main reason would be additional 
iron ore and silica reacted to produce fayalite (2FeO-SiO2) and the wall brick was 
damaged.  
Then, they adjusted the method and succeeded in producing highly reactive formed 
iron coke with high iron content.13,14) The reaction behavior of formed iron coke mixed 
with conventional coke and in the presence of alkali was investigated. The results 
showed that the iron coke selectively and preferentially reacts near the thermal reserve 
zone temperature (900 
o
C). Namely, a decrease in thermal reserve zone temperature was 
obtained while the conventional coke reacts little and is protected from degradation. 
They also confirmed that the catalytic activities of Fe and K is independent each other 
and the starting temperature of reaction for iron coke is lower than that of conventional 
coke. Their researches conducted that the use of formed iron coke could decrease the 
thermal reserve zone temperature in a blast furnace where coke reactivity is promoted 
by condensed alkali vapor. 
However, except a reducing agent of iron ore, coke has many significant functions 
in blast furnace: a heat source, a spacer for a stable gas and liquid flow, a carburization 
agent for modifying the dripping behavior of metal. Therefore, coke strength must be 
considered. 15,16,17)  
1.2.2 Study on mixed charging of iron ore and coke into blast furnace 
Another development of promoting the reaction rate of solution loss reaction in 
blast furnace is decrease in distance between iron ore and coke. It also increases the 
reaction interface. Watakabe et.al 18,19) developed the technology of mixed charging of a 
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large amount of coke and applied to a large size of blast furnace as the first case. 
Analysis of the operating data before and after the start of high ratio coke mixed 
charging revealed an improvement of shaft efficiency, and the reducing agent rate 
(RAR) was reduced by approximately 10 kg/tHM at 6.2 wt% of an iron ore mixing ratio 
to coke. When the mixing ratio was increase to 10 wt%, the blast furnace showed a 
decrease in the rate of reducing agent from 517.8 kg/tHM to 495.8 kg/tHM compared to 
a conventional burden charging. It meant that 22 kg/tHM coke was saved, namely 4% 
CO2 emission was reduced. This improvement in shaft efficiency and reduction of RAR 
are considered to be due to improvement of permeability and reducibility in the 
cohesive zone, reduction of the temperature of thermal reserve zone and other related 
factors. 
Further, the application of small size coke has also been considered one of methods 
to decrease the thermal reverse zone temperature. Mousa et al20) studied the effect of nut 
coke and sinter mixture on the blast furnace performance. They employed the nut coke 
with different amount (10~140 kg/tHM) and different grain size (100~140 μm) in sinter 
layer to reduce the coke losses on the isothermal and non-isothermal conditions, and 
clarified the influence of nut coke on the shaft permeability and sinter reducibility under 
simulating conditions of the blast furnace. The experimental results revealed that the 
effect of nut coke on increasing the gas flow rate become remarkable and the pressure 
drop in shift decreased as nut coke rate increased. The presence of nut coke improved 
the reduction performance of the sinter through the increasing of the reduction potential 
of reducing gas (Fig. 1.7). Further, it indicated that the replacement of 10% CO with 10% 
H2 increased the reduction degree of sinter especially at elevated temperatures due to 
the effect of the higher diffusivity of H2 compared to that of CO gas. 
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1.2.3 Utilization of the pre-reduced agglomerates (PRA) in a blast furnace 
The production process of pre-reduced agglomerates (PRA), which are reduced 
simultaneously with the agglomeration by using an existing sintering machine, was 
proposed to reduce the CO2 emissions from the blast furnace process. The expected 
reduction of the total CO2 emissions by using of PRA on blast furnace was more than 
10%. Laboratory tests conducted by Machida et al 21) showed that a 45% reduction was 
achieved and the pressure drop of the blast furnace using PRA was lower than that of 
the case using conventional sinter. 
However, the production of PRA required suitable conditions for the coke breeze 
size, oxygen partial pressure in the suction gas and the granulated particle structure.  
1.2.4 Utilization of carbon composite iron ore briquette 
The above studies have focused on the improvement of reactivity of gasification of 
carbonaceous materials used as reducing agents, particularly, the decrease in distance 
between iron oxide and carbon may result the promotion of gasification reaction of 
carbon and reduction of iron oxide. The carbon and iron ore composite, which is 
agglomerated mixture of fine iron ore fines and carbonaceous materials, owns very 
short distance and large contact area between both solids for reductant gases to reach the 
surface of solid.23) Such composites have been conducted by extensive researches to 
solve the mitigation of CO2 emissions in ironmaking process. 
Kasai et al8,24) prepared the carbon composite iron ore hot briquette which was 
made by binder-less briquetting in use of thermal plasticity of coal and clarified the 
reduction and carburization of the briquette on condition of increasing in temperature. 
In comparison with sinter and pellet, the reduction and carburization of the briquette 
occur at lower temperature while the lab-scale tests at elevating temperature under load. 
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Further, using the briquette in a blast furnace simulator, temperature of thermal reserve 
zone decreased and CO gas utilization increased in comparison with the case using 
sinter (Fig. 1.9).  
The utilization of CO gas was increased from 45.5 to 49.0%, and it means the 
reducing agent rate was decreased by approximately 28 kg/tHM. It suggests that the 
reaction efficiency of shaft region in blast furnace was expected to be improved by 
using such briquettes.24) The starting temperature of the reduction and gasification 
reactions was remarkably lowered from 1000 
o
C down to 730 
o
C.8)  
Further, Yokoyama et al25) conducted a long-term plant trial by manufacturing and 
using iron ore-carbon composite in a commercially operated blast furnace. The 
composite was bonded with cement to make it was strong enough for use in the blast 
furnace. Taking into consideration the combined water/moisture of composite and the 
slag formation by the cement, the 54 kg/tHM of its maximum amount was used in the 
blast furnace. Namely, nearly 4% of sinter ore was taken place by the iron ore-carbon 
composite and charged into the blast furnace. As a result, the thermal reserve zone 
temperature in the blast furnace dropped about 83
o
C after the iron ore-carbon composite 
was used (Fig. 1.10). And approximately 0.5% of the CO2 emission was reduced. 
1.2.5 Summary 
A number of researches aiming to reduce CO2 emission from ironmaking process 
by decreasing reducing agent rate in the blast furnace process were focused: the mixed 
charging of iron ore and coke to the blast furnace, the application of reactive coke and 
PRA and the utilization of carbon and iron ore briquette. Nevertheless, except the 
utilization of composite, the other technologies still require the sinter ore and coke. 
Further, the composite could not totally take place of sinter ore and coke in the blast 
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furnace. 
Because of the importance of coke-making and sintering in the conventional 
ironmaking process, which the total CO2 emissions in these two sections accounts for 
approximately 40%,6) the extent of reduction in CO2 emission would be limited. 
Therefore, an innovation in the technology for ironmaking process is necessary. 
Alternative non-blast furnace ironmaking process without agglomerates of raw 
materials, such as sinter, pellet and coke, should be taken into account. Compared with 
the primary steel making, the production of DRI can result in a reduction of up to 50% 
in CO2 emissions.
26) Use of DRI is expected to increase in the future 27).  
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Fig. 1.5 Relationship between temperature and reaction rate of 
Fe-coated/Ca-coated cylindrical coke (CO2/CO=50/50).
11) 
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Fig. 1.6 Relationship between CRI and CSR of coke.
 17) 
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Fig. 1.7 Schematic diagram of the reduction mechanism through (a) solid 
state diffusion and (b) gaseous diffusion and chemical reaction.
 20) 
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Fig. 1.8 Comparison of the shrinking behaviors between sinter ore and 
PRA.
 21,22) 
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Fig. 1.9 Shift of the ratio of CO/(CO+CO2) by using carbon composite iron 
ore hot briquette
 24) 
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Fig. 1.10 Change in vertical temperature distribution of blast furnace by 
using carbon composite measured by vertical probe.
25) 
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Fig. 1.11 Fractions of CO2 emissions in the conventional ironmaking 
process.
6) 
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1.3 Development of raw materials in ironmaking  
 
Beside the technologies of processing operation, the properties of iron ore and 
coking coal also influence the energy demand and CO2 emissions in conventional 
ironmaking process. Further, the cost of pig iron production is deeply depending on the 
prices of raw materials in recent years (Fig. 1.12).  
Further, with recent large number consumptions of iron ore and coal resources, the 
property degradation of raw materials becomes another issue in the conventional 
ironmaking process. To adopt the changes and natural resources availability, therefore, 
effective uses of alternative raw materials including low-grade iron ores and no-caking 
coal or biomass fuels should be taken into account. 
1.3.1 Iron ore resources 
The major industrial iron ores include hematite, magnetite and limonite (goethite). 
High-grade ores usually contain more than 55%-Fe, while ores with iron contents below 
25% are considered economically non-exploitable.29)  
Iron ore resources have a strong growth over the past decades and over this period 
of time a significant change in the blend of iron ore production has occurred. For 
example, a clear preference for the mining of Premium Brockman ores in the Pilbara 
showed that the resources are being depleted over time. 31) Further, the Fe grade in some 
typical iron ores degraded in recent decade (Fig. 1.13). In recent years, the Australian 
pisolitic and goethitic ores containing high combined water have become main iron ore 
resources as blast furnace burdens.32) Such iron ores will consume the energy for 
dehydration of combined water contained in the ores at higher than 200
 o
C. A larger 
amount of energy will be required to heat low grade ores since slag components need 
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excess energy to heat. Decline in iron ore grade becomes a new challenge for mining 
and also for the ironmaking processes. 
1.3.2 Utilization of biomass fuels 
As a renewable fuel, biomass charcoal has many attractive features, in comparison 
with coal, biomass charcoal contains lower sulfur, no mercury, low nitrogen and ash 
contents. Further, biomass charcoal is highly reactive yet easy to store and handle. 
Carbonized charcoal can be a good adsorbent with a large surface area.  
Kawakami et al33) discussed the reaction rate of coke and charcoal with CO2 by 
employing Raman spectroscopy analysis. They found that the most reactive 
carbonaceous materials should be those consist mostly of the graphite structure with 
many defects. Another study obtained by Campbell et al34) examined the 
characterization of bituminous coal char and biomass char through the measurement of 
their reactivities to oxygen. Results indicated that the biomass char are more than 1000 
times reactive than the chars of the bituminous coal.  
Because biomass charcoal is considered to be a carbon neutral fuel, the use of it 
takes place of fossil-fuel have been studied by extensive researchers. The partial 
substitution of metallurgical coals by charcoal in the iron and steel industry also has 
been conducted in many studies.35- 45) Mathieson et al38,39) have identified and quantified 
several potential applications of biomass charcoal in the ironmaking process: sintering 
solid fuel, coke-making blend component, tuyere injectant in blast furnace and reductant 
for ore-carbon composite. The addition of charcoal to coking coal blends in 
coke-making process, the reactivity of coke increases, but the strength of coke decreases 
due to the coke disintegrate into smaller particles by excessively reaction with CO2.
40-43) 
On the other hand, the application of charcoal instead of coke breeze to the iron ore 
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sintering was also investigated. In one of these studies, Ooi et al44) found that fuel 
blends where 20% of coke breeze input energy was replaced by charcoal may improve 
both the sinter yield and productivity under typical sintering conditions. However, lower 
sintering performance observed with higher rates of coke breeze energy substitution 
with charcoal. Furthermore, Matheson et al39,45) compared the combustibility of four 
types of charcoals with PCI coals under simulated BF raceway conditions. The burnout 
rate of charcoal is 40% higher than those of equivalent coals.  
Therefore, effective use of biomass charcoal is not only expected to be one of 
important solutions to the CO2 emission in ironmaking process but also considered to be 
an energy support agent and reductant instead of coal. 
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Fig. 1.12 Changes in the prices of coking coal, iron ore and pig iron.
28) 
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Fig. 1.13 Changes in Fe-grade of some typical iron ore resources in recent 
decades.
30)
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1.4 Reduction of iron ore-carbon composite under high pressure 
 
For a drastic decrease in CO2 emissions, application of the composite of iron ore 
and carbonaceous materials seems a feasible path for innovating the ironmaking process. 
The iron ore-carbon composite possesses advantages of a large contact area and very 
short distance among the particles. In the last decades, various extensive researches 
have been conducted to study on the reaction behavior of the composites. 
1.4.1 Previous studies on reduction of iron ore-carbon composite 
1.4.1.1 Mechanism of carbothermic reduction of iron ore for the carbon composite 
Carbothermic reduction of iron ore mainly proceeds by the gasification of carbon, 
direct and indirect reductions of iron oxide within a composite. It is important to discuss 
the rate-determining reaction. Some studies46-49) concluded that both particle size 
distributions, carbon content and apparent activation energy on the gasification reaction 
of carbon affect the overall reduction in the composite based on gas analyses. Two 
reduction stages were identified as before and after the formation of metallic iron. 
Under the existence of metallic iron, gasification was found to be catalyzed and the 
activation energy became lower. 
Isothermal reduction experiments were carried out by Yang et al.50) to study the 
carbothermic reduction of hematite-graphite composite under Ar atmosphere. The 
results indicated that the direct reduction dominated carbothermic reduction at the initial 
stage. When the partial pressure of CO exceeded a certain value, the carbon solution 
loss reaction starts to occur together with indirect reduction. Rates of such reactions 
were dependent on the temperature. Further, a great promotion of reduction was due to 
an increase in contact area between hematite and graphite particles and enhancement of 
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heat condition in the composite. In addition, they found that decrease in particle size of 
graphite can effectively increased the reduction rate.  
Coetsee et al51) investigated the rate-determining steps for reduction in 
magnetite-coal pellets under N2 gas. From the results of average rate constants, they 
indicated the chemical reactions are under mixed control of the reduction and 
boudourard reactions. 
Ueda et al52) proposed a reaction model of iron ore carbon composite based on a 
lumped system to analyze the reduction behavior in the blast furnace. The analysis 
resulted that gasification of carbon is the controlling step in the reduction of the 
composite. They also revealed that decreasing the activation energy of the gasification 
reaction by using catalytic elements or activated carbon would be effective for promote 
the reaction. 
From above studies, primary parameters influence on carbothermic reduction of 
iron ore and carbon composite are pointed out as follows: heating condition, reactivity 
of reductant, contact area between the particles of iron oxide and carbonaceous 
materials and particle size of raw materials. 
1.4.1.2 Effect of carbonaceous material type on the reduction of iron ore-carbon 
composite 
Pandey et al53) investigated the effect of kind of reducing agent, i.e., coke, 
non-coking coal, char and charcoal, on the reduction behavior of double-layered pellets 
consisting of iron ore particle as nuclei and the adhering layer of the mixture of 
reducing agent and iron ore. Their results showed highest degree of reduction with 
non-coking coal containing 39% volatile matter followed by charcoal, char and coke 
fines. The reduction time has the strongest effect when charcoal and non-coking coal are 
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used as reducing agents, whereas in the case of coke and char were affected by the 
reduction temperature.  
Strezov54) used sawdust as carbonaceous materials to reduced iron ore by an 
experimental analysis. The work investigated the fundamental mechanisms of iron ore 
reduction with biomass wood wastes. The experiment successfully reduced the iron ore 
and the predominant phase was metallic iron of 30wt% when using biomass. 
The serial studies on reduction behavior of charcoal-iron ore composite pellets 
were conducted by Konishi et al.55-59) The semi-charcoal was prepared by cedar and 
cypress carbonized at different temperatures. The charcoal-iron oxide composite pellets 
were prepared by the mixture of charcoal and iron oxide powders. In comparison of the 
composite using char with that using Newcastle blend coal, the higher reducibility of 
charcoal composite pellets was confirmed by the analysis of outlet gas during reduction. 
They explained that the amount of released reduction gases of H2 and CO for the 
semi-charcoal could be larger than those for coal at the same carbonized temperature 
and the reactivity of semi-charcoal on the gasification is much higher at low 
temperature due to amorphous structure. Further, the semi-charcoal which owns higher 
residual volatile matter at lower carbonized temperature showed a better reducibility in 
the composite pellet (Fig. 1.14).  
Murakami et al60) employed polyethylene, which is a major component of waste 
plastics and it can supply H2 and CO through its pyrolysis, as a reductant. It was mixed 
with graphite powder with iron ore to prepare a composite. The reduction of iron oxides 
by carbon and hydrogen originated to polyethylene contained in the composite was 
studied at lower temperature. The results showed that the reduction of iron oxide in 
polyethylene-graphite-iron oxide composite proceeds by mainly polyethylene-derived 
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reducing gas below 820
o
C and it is gradually shifted to graphite with increasing 
temperature.  
From above studies, several types of carbonaceous materials have been evaluated 
as a reductant for the carbothermic reduction in iron ore carbon composites. The 
utilization of volatile matter on reduction of iron oxide was obtained. The gasification 
temperature of carbonaceous materials seems an important role in reduction of the 
composite. 
1.4.1.3 Reduction behavior of iron ore containing a larger amount of combined 
water in an iron ore-carbon composite 
Goethite ores, which contains a larger amount of combined water and are regarded 
as rather low-grade iron ores, have been focused as raw material for innovative 
ironmaking processes, because of their larger resource deposits and larger specific 
surface area after dehydration. Miura et al61,62) observed the nano-pore after the 
dehydration of combined water at 250 to 300
o
C in the α-FeOOH reagent and Robe 
River ore. And the specific surface areas of such particles were extremely increased. 
However, the pore spaces started to be blocked at over 300
o
C sue to sintering of the 
Fe2O3 layers (Fig. 1.15).  
Hata et al63,64,65) studied the biotar ironmaking by using wooden biomass and ores 
containing high content water. After dehydration of the ores containing different 
amounts of combined water at 450
o
C, they heated the biomass to produce tar vapor. 
Further, the tar vapor was decomposed and formed carbon was deposited into the 
nano-pores of dehydrated iron ore. The ores could catch biotar effectively because of 
the large surface area inside the pores. They also found that the ores with the nano-sized 
pores acted as catalysts for tar carbonization together with the generation of gases. 
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Simultaneously, the ores were partially reduced by the reducing gas (Fig.1.16). The 
deposited carbon within iron ore particles showed a potential as a reducing agent 
because it is highly reactive and therefore reacts at lower temperatures. 
Utilization of such ores containing higher amount of combined water in the iron 
ore-carbon composite has also been investigated by Murakami et al.62,66) In their 
experiment, such ores were used coal and polyethylene, respectively, to prepare the 
composites. It is clear that the ores containing higher amount of combined water give 
advantage to promote the reduction reaction at lower temperature due to the large 
specific surface area after dehydration. However, above 1100
o
C, reduction reaction of 
iron ore-coal composite was suppressed mainly due to a rapid decrease in the surface 
area and the formation of slag such as FeO-SiO2. In the case of iron 
ore-graphite-polyethylene composite, high utilization ratio of carbon derived from 
polyethylene was obtained when using iron ore with large specific surface area. 
It seems such a low grade iron ore (with high combined water content) may take 
advantage in the reduction process of composite due to the large specific surface area. 
However, the specific surface area is dependent on the dehydration of combined water 
and sintering of Fe2O3 at higher temperature. 
1.4.1.4 Effects of mixed-milling (grinding) preparation and particle size of raw 
material on the reduction behavior of composite 
In the ceramics making process, pretreatments of raw materials by individual 
crushing/grinding or mixed crushing/grinding have been widely applied to improve 
sintering property and to induce the formation of composites. Mixed-grinding process 
tends to induce a softer fine particle to wrap around on the surface a harder particle. 
Such pretreatment of raw materials also been employed in the preparation of composite 
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of metal oxides and carbonaceous materials, and extract metal by carbothermic 
reduction reaction67-72). Kashiwaya et al67,68,69) focused on the effect of ball milling of raw 
materials on the reaction behavior of composite mixture of powder reagents of hematite 
and graphite. Milling of the mixture gave a different phenomenon from that of separated 
millings of hematite and graphite. The mixed-milling enhanced the contact between iron 
oxide and carbonaceous materials which may enhance the reaction of the mixture 
composite. Kasai et al72) studied the effect of mixed-grinding by tumbling ball mill and 
planetary ball mill on the reactions between carbonaceous materials and iron oxides by 
thermo-gravimetric experiments. Mixed-grinding preparation of composite by planetary 
ball mill significantly increased the reaction rate and decreased the reaction temperature. 
Further, this phenomenon became more significant with an increase in mixed-grinding 
time (Fig. 1.17). 
On the other hand, Murakami et al73) investigated the effect of the ore particle size 
in a iron ore-coal composite. The hematite reagent and iron ores with different particle 
size was employed in the composite to reduce at elevating temperature. Decreasing the 
particle size of iron ore leads to increasing the number points between the iron ore and 
coal because the number of the iron ore increases. As a result, the formation temperature 
of metallic iron decreased with a decrease in the particle size of the iron ore. However, 
the particle size dependence obtained with the use of goethite ore containing high 
combined water was smaller than that with the use of hematite ore. It is due to the 
nano-sized porous structure of the goethite ore after dehydration of combined water.   
Further, Watanabe et al74) studied an increase in reactivity of iron-carbon composite 
by employing submicron size of iron oxide powder. They designed iron ore-carbon 
composite consisting of biomass char coated by iron oxide power and iron ore fines 
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with submicron size. Such iron ore particles directly contacted to carbon could act as a 
catalyst to increase the gasification reaction rate of carbon. The result showed a 
remarkable improvement of reactivity of biomass char in the composite.  
The pretreatments of raw materials such as mixed-grinding and decrease in the 
particle size promote the carbothermic reduction reaction of composite. 
1.4.2 Reduction of iron ores under higher pressure 
The above-mentioned studies on the carbothermic reduction reaction of iron 
ore-carbon composite are all under the normal atmospheric pressure. There were several 
studies on the reduction behavior of iron ore under high pressure. Mckenwan et al75) 
investigated the reduction kinetics of hematite pellet by hydrogen at temperature range 
from 550 to 1000
o
C under pressure between 0.1 and 4.0MPa. It was found that the 
reduction rate of iron oxide pellet increased with increasing pressure up to until 1.0MPa. 
Hara et al76) examined the reduction rate of iron ore from 500 ºC to 1000 ºC under 
hydrogen pressure between 0.1 and 1.0MPa and made kinetic analysis of the reduction 
rate based on the multi-interface core model in single pellet. A similar result agreed with 
Mckenwan that effect of pressure of reducing gas on the reduction rate of iron ore pellet 
was obtained (Fig.1.19). Kurozu et al77) also studied that the effect of increase in the 
pressure on the reaction of iron ore pellet reduced between 800 and 1000
o
C by hydrogen 
under the pressure range from 0.1 to 1.3MPa.  
Ueda et al.78) reported the reduction of pulverized iron ore in fluidized bed. Suzuki 
et al79) also reported the reduction under high pressure in fluidized bed reactor. Up to 0.5 
– 1.0MPa, all of them obtained that the positive effects of the pressure increase on the 
reduction.  
Above such pressures, however, clear effect could not be obtained because 
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diffusion rate of in the gas film around the iron ore particles significantly decreased due 
to lowering of volumetric gas velocity.  
1.4.3 High pressure reduction of iron ore-carbon composite 
There is only a paper describing on the thermo-gravimetric analysis of the 
reduction of the hematite-graphite composite up to 1.5MPa 72). Unlike the case of gas 
reduction, reduction rate of the composite seems to be promoted at higher pressure 
above 1.0MPa (Fig. 1.20). It may be because the reductant gas generates within the 
composite.  
It is interesting to see the effect of pressure on the reactions of iron ore carbon 
composites, since increasing pressure leads to increasing partial pressure and existing 
mass of reductant gases but suppressing gasification reaction of carbon.  
The heat transfer around and inside the composite is most likely due to the 
convection & radiation from surroundings and conduction through the fine particles. 
However, the gas flow vector will always verge to outside due to gas generation 
reactions. It makes the heating composite difficult. In comparison with normal 
atmospheric pressure, the gas phases around and inside the composite are densified with 
increasing pressure (Fig. 1.21). The heat conduction through the gas phase inside the 
composite will be promoted. Further, the reduction reaction will also be accelerated 
since the partial pressure of reductant gas inside the composite increases. Otherwise, the 
improvement in heat transfer could make the motion of gas molecules intensely to 
accelerate the reactions inside the composite.  
The reaction sequence of the reduction reaction of iron oxide-carbon composite 
can be represented as follows: 
   FexOy(s) + CO(g) = FexOy-1(s) + CO2(g)  (1-1) 
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   C(s) + CO2(g) = 2CO(g)    (1-2) 
   FexOy(s) + C(s) = FexOy-1(s) + CO(g)  (1-3) 
Reduction reaction of Eq. (1-1) and gasification reaction (Boudouard reaction) of 
Eq. (1-2) are the main reaction in the composite. Reduction of Eq. (1-3) combined of Eq. 
(1-1) and (1-2) is called as direct reduction and occurs at iron oxide-carbon contact 
points only. Such direct reduction contributes in the reaction using noncoking coal at 
high temperatures. However, from the viewpoint of Le Chatelier-Brauns principle,80) an 
increase in pressure results in a shift of the gasification reaction Eq. (1-2) equilibrium to 
the left direction (Fig.1. 22). Further, in the phase diagram of Fe-O system, the 
suppression of gasification reaction caused by increasing pressure will influence on the 
reduction of wustite (FeO) to metallic iron (Fe) by CO in the iron oxide-carbon 
composite. Because the intersection point between the equilibrium line of carbon 
gasification and the equilibrium line of FeO reduced to Fe reduction by CO shifts to 
higher temperature and higher CO ratio with increasing pressure.  
   FeO(s) + H2(g) = Fe (s) + H2O(g)        (1-4) 
Use some alternative carbonaceous materials containing volatile matter, such as 
coal or biomass charcoal, which can generate hydrocarbons and hydrogen in the 
composite, may show a different behavior on reduction of iron oxide. For reaction (1-4), 
with increasing temperature, lower H2 ratio is required to reduce the wustite to metallic 
iron. Further, the effect of pressure on the reduction by volatile matters is also an 
interesting subject since increasing pressure will rise the decomposition temperature of 
volatile matters close to the reduction temperature of iron oxide. In this case, the 
suppression of carbon gasification due to increasing pressure may be compensated. 
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1.4.3 Expected process of high pressure reduction for iron ore-carbon composite 
The image of expected process for high pressure reduction is shown in Figure 1.23. 
In such process, composite can be prepared using very fine iron ores or relatively lower 
grade ores mixed with coals or biomass charcoals. The use of renewable carbon sources 
is not only considered to be associated with zero net CO2 emissions but also evaporate 
some hydro-carbons and hydrogen gases that regarding as clean reductants of iron oxide 
on the environment. These gases may replace partial carbon agent to reduce the iron 
ores. On the other hand, under high pressure conditions, the H2O and CO2 can be easily 
separated from the outlet gases in terms of different liquefaction temperatures. The CO2 
gas could be captured by form of liquefied CO2 and stored in other way to prevent 
emitting to the atmosphere. Further, the H2 and CO derived from outlet gas can be 
reused as reducing agents and introduced to reactor under high pressure. The reduction 
of iron ore will proceed by both carbothermic reduction and introducing reductant gases 
under high pressure. The reduction of iron ore in composite will also be promoted with 
increase in pressure due to the promotion of reductant gas diffusion. 75-77, 81)  
However, in such attractive process, the wall materials of reactor have to bear high 
pressure at high temperature. If the reaction temperature of iron ore-carbon composite 
can be decreased to lower temperature than 800 ºC, the normal heat-resistant alloy like 
super alloy can be used for the wall materials of high pressure reactor. Further, the 
commercial process for higher pressure reduction of iron ore-carbon composite can be 
constructed. Lowering the reaction temperature of composite, in other words, promoting 
the carbothermic reduction of composite is the key to realize the high pressure reduction 
process for practical application.   
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Fig. 1.14 Reduction curves of carbon composite pellets obtained at (a) 
1073K and (b) 1173K.
 58) 
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Fig. 1.15 Structure of α-FeOOH and its change with dehydration. 62) 
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Fig. 1.16 Schematic diagrams of dehydration and tar carbonization process: 
(a) original iron ore, (b) dehydrated ore with nanosized cracks,         
(c) tar-carbonized ore, and (d) image of carbonized tar within nanopore.
 63) 
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1.17 TG curves for hematite and graphite mixtures grinded by a planetary 
ball mil for different time.
 72) 
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Fig. 1.18 Relation between temperature at which reduction degree reaches 
30% and 80% and average particle size of ore in composite.
 73) 
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Fig. 1.19 Changes in reaction rate of iron ore with increasing reducing gas 
pressure
75,76)
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Fig. 1.20 TG curves obtained under different pressure of Ar for 
hematite-graphite mixture ground for 60 min.
 72) 
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Fig. 1.21 A conceptual diagram of iron oxide-carbon composite 
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Fig. 1.22 Gasification equilibrium of carbon under different pressures on 
the phase diagrams of Fe-C-O and Fe-H-O systems. 
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Fig. 1.23 Conceptual image of expected process of high pressure 
reduction. 
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1.5 The purpose of the study 
According to the background and previous studies described in the previous 
sections, the purpose of this study was set to find effective ways for promoting the 
reduction reaction of iron oxide-carbon composite. Especially, the high pressure 
approach is proposed to test the gasification and reduction reaction of iron oxide-carbon 
composite. Lowering the gasification temperature and enhancing the reduction of iron 
oxide in the composite are technological targets. 
 
In Chapter 2, details of the equipment used for high pressure reduction experiments 
were described. Physical and chemical properties of raw materials were measured and 
the results were listed.  
 
In chapter 3, the composite prepared by hematite reagent and a hard hematite ore 
and mixed with graphite reagent were subjected to the reduction experiments under 
different pressures. Gasification temperature and temperature drop were defined as 
criteria to discuss the experimental results and the effect of pressure on the reduction 
behavior of the composite was discussed. 
 
In chapter 4, in order to lower the gasification temperature, biomass charcoals were 
employed for the preparation of composites and they were reacted under various 
pressures. The effect of pressure on the gasification and reduction of iron ore-biomass 
charcoal composite was examined and the results were compared with the case of iron 
ore-graphite composite. Further, the utilization of volatile matter on the reduction of 
iron oxide in the composite was also discussed. 
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In chapter 5, the iron ores containing a large amount of combined water content 
were used in the composite and expected to promote the reduction of composite under 
high pressure. Because the specific surface areas of such iron ores vary with the 
dehydration reaction of combined water and coalescence of small pores,62) the 
dehydration behaviors and change in specific surface area were examined under 
different pressures. 
 
In chapter 6, effects of mixed-grinding pretreatment were investigated and based 
on the results the way to promote the reduction reaction of composite was examined. 
 
Finally, in chapter 7, conclusions of the present study were summarized. 
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Chapter 2. Experiment apparatus and raw materials 
In this study, the reduction reaction of iron ore-carbon composite was examined 
under high pressures at elevating temperature. In order to perform reduction reaction 
experiment of a composite sample under high pressure, an experimental apparatus was 
used. Further, the raw materials, i.e., iron oxide and carbonaceous materials were 
chosen by referring to the previous studies. Their physical and chemical properties were 
described in this chapter.  
2.1 High pressure reaction apparatus 
The schematic drawing and photograph of experimental apparatus for composite 
reduction under high pressure is shown in Figs. 2.1 and 2.2, respectively. The high 
pressure reaction apparatus mainly includes four parts: inlet gas flow controlling unit, 
high pressure vessel & pressure controlling unit, heat and temperature controlling unit 
and outlet gases examining unit.  
As an inlet gas flow controlling unit, a mass flow controller (MFC) was employed 
to adjust the introducing gas flow rate ranging between 0 and 20 NL/min. A bottle of 
high purity nitrogen gas connects to the MFC via a regulator and the stainless steel pipe. 
Pressure of inlet gas is adjusted by a regulator. 
For the second unit, the pressure vessel is made of stainless steel and its outside is 
cooled by the circulated water. The alumina platform is up and down by operating the 
handle. The bottom cover of vessel is sealed by o-ring and fastened by 20 bolts. The 
maximum pressure in the vessel can be up to 10MPa. The experimental pressure in the 
vessel is controlled by the pressure controllers (PC1 and PC2), which are used for 
different conditions. The arrangement of operation pressure of PC1 is 0.01-1.0MPa and 
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that of PC2 is 0-10MPa. The outlet gas flow rate is controlled by the pressure controller 
(with the proportional and integral control action) and the pressure is shifted to normal 
atmospheric pressure.  
The heat and temperature controlling unit includes an electric furnace placed in the 
vessel (Fig. 2.3) and a temperature control instrument which can manually or 
automatically control the heating program. In the reaction spacer, two JIS R-type 
thermocouples (Pt/Pt-13%Rh) for the measurement of the composite temperature and 
the control of furnace temperature were placed at the bottom of Pt-holder and a point of 
20 mm lower from the holder, respectively. The maximum heating rate and holding 
temperature of the furnace are 10
o
C/min and 1300
o
C, respectively.  
During experiment, outlet gases released from the high pressure vessel was 
transformed to normal atmospheric pressure by the pressure controller. CO and CO2 gas 
concentrations of the outlet gas were continuously analyzed by an infrared gas analyzer 
and other gas compositions are determined by using a gas chromatography at every 90s. 
The flow-out rate of gas was also measured by using mass flow meters (MFM1 and 
MFM2).  
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Fig.2.1 Schematic diagram of a high pressure reaction apparatus. 
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Fig. 2.2 Photograph of four units of the high pressure reaction apparatus 
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Fig. 2.3 Schematic diagram of high pressure reaction vessel 
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2.2 Raw materials 
2.2.1 Properties of iron oxides 
In this study, four iron oxides are used, i.e., a hematite reagent (H), a Brazilian hard 
hematite ore (M), a two types of iron ores (P and R) from Australia. The chemical 
compositions of these iron oxides are shown in Table 2.1. Ore M was relatively a 
high-grade iron ore, and in comparison, Ores P and R were relatively low-grade ores 
containing higher amounts of gangue minerals such as SiO2 and Al2O3. Further, the 
amount of loss on ignition in Ores P and R are larger than that of Ore M. It is mainly 
due to the difference of the combined water contents of the ores. The particle size of 
iron ores between 44 and 100μm is chosen to prepare the composite described in 
chapters 3, 4 , 5 and 6. 
Iron ores of 44~100μm in particle size was subjected to XRD examination. The 
X-ray diffraction patterns of Ore M, P and R samples are shown in Fig.2.4. For Ore M, 
oxide form of Fe is mainly hematite (Fe2O3), while for Ores P and R, certain amount of 
goethite (FeOOH) exists. The peaks of goethite in Ore R are clearer than those of Ore P 
and therefore it is estimated that the hematite is dominant phase and some goethite 
accompanies with it in Ore P. Assuming that LOI of iron ore reflects its combined water 
content, most of iron phase is FeOOH in Ore R (Table 2.1). Further, Ore P consisted of 
both Fe2O3 and FeOOH phases. It agrees with the XRD results. 
The thermo-gravimetric (TG) measurements for iron ores were made under 
0.1MPa nitrogen atmosphere at the heating rate of 10
o
C/min. Changes in weight loss 
and rate of weight loss observed for Ores M, P and R are shown in Fig. 2.5. Rapid 
weight decrease of Ores P and R occurred at above 200
o
C and it almost finished at 
350
o
C. Such decrease was due to the thermal decomposition of goethite turned into 
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hematite. It is agreed with the XRD results in Fig. 2.6 and with the result obtained by 
Miura et al61).  
The specific surface area of the iron ore samples were measured by the BET 
method. Since the thermal decomposition of FeOOH would influence on the pore 
morphology and specific surface area
66,82)
, these iron ores were heated up to 400
o
C at a 
heating rate of 10
o
C/min. After cooling, specific surface areas of the heat-treated ores 
were measured. The relationships between combined water content and BET surface 
area of the ores with and without heat treatment are shown in Fig. 2.7. Linear 
relationship between original content of combined water and specific surface area of 
ores after heat treatment is observed. It is noteworthy here that high temperature 
treatment of ores will lead to coalescence of small pores
66,82)
 and therefore decrease in 
specific surface area. Such behaviors will be taken into account and examined in 
Chapter 5. 
2.2.2 Properties of carbonaceous materials 
In this study, four carbonaceous materials are used as reductant agents, i.e., reagent 
of graphite (G), biomass charcoal containing a large amount of volatile matter (BA) and 
biomass charcoal derived by pyrolysis of BA up to 800
o
C with 10
o
C /min under N2 
atmosphere (BA800). The proximate analyses of carbonaceous materials are listed in 
Table 2.2. Except the graphite reagent having an average size at 20μm, the particle size 
of the biomass charcoals used in this study is screened between 53 and 150μm.  
The thermo-gravimetric (TG) measurement up to 1200
o
C for carbonaceous 
material samples were conducted under CO2 atmosphere. The rates of weight loss with 
temperature are shown in Fig. 2.8, respectively. In the measurement, heating rate was 
set at 10
o
C/min and the gas flow rate of CO2 was 0.2 NL/min. The peaks seen below 
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100
o
C are due to evaporation of free water. The local peak of BA obtained at the 
temperature range from 300 to 700
o
C is likely due to the decomposition of volatile 
matter in BA. Temperature at where the rapidly increase in the weight change ratio 
varies among the carbonaceous materials. The gasification temperatures of biomass 
charcoals are lower than that of graphite. Such temperature of BA is similar to the 
BA800, because the BA800 is derived from BA.  
The visual observations of these carbonaceous materials under the SEM are shown 
in Fig.2.9. The particle of graphite reagent owns a sheet shape and there is dense 
structure on the surface. In contrast, BA owns a granuliform shape and there are 
significantly more pores than the graphite reagent. For BA800, because it is derived 
from BA with pyrolysis up to 800
 o
C, there is little change in the shape and structure by 
contrast with BA. The porous on the surface of BA and BA800 means they own larger 
surface area than that of graphite reagent. It is well known that the surface area of the 
carbonaceous materials can have an impact on the reactivity with CO2. The distinctions 
of surface area among these carbonaceous materials used in this study are existed. And 
such differences of porous structure affect the reactivity with CO2 agree well with the 
result of thermo-gravimetric tests in Fig.2.8. The porous structure seems to promote the 
reaction rate with CO2.  
2.2.3 Experimental procedure of carbothermic reduction of composite under high 
pressure 
The iron oxide source and carbonaceous materials were well mixed using a spatula. 
The mixing ratio of these materials, which is defined as C/O (molar ratio of fixed 
carbon in carbonaceous materials to oxygen combined with iron in iron ore) of the 
composite is an important parameter for the reduction of composite. From the previous 
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studies on the reduction of iron ore-carbon composite, different authors had published 
results to distinct iron ore/coal compositions
83-86)
. In their experiments, a composition 
on the basis of fixed carbon in coal to the oxygen in iron oxide was varied from 0.36 to 
2. Donskoi et al
87)
 analyzed the minimum C/O ratio of composite that is needed to 
obtain complete reduction. However, such value depends upon the heating regime and 
the ambient atmosphere. In the study of Donskoi, they neglected the effect of the 
ambient atmosphere and assumed that pure carbon is the reductant. Base on the 
equilibrium constants
86)
 for the reduction process of Fe2O3->Fe3O4->FeO-Fe by CO in 
the (CO/(CO+CO2))-temperature diagram(Fig.1.22), the minimum value of C/O ratio is 
approximately 0.81 for 1200
o
C and 0.78 for 900
o
C. In this study, a preliminary test of 
C/O ratio estimated at 0.8 was carried out. A composite made of the mixture of hematite 
and graphite reagents was heated at rate of 10
o
C/min up to 1200
o
C under normal 
pressure. N2 was used as the purge gas. After experiment, all the iron oxide was reduced 
to metallic iron without remained carbon residual. In this preliminary test, that average 
CO ratio (CO/(CO+CO2)) of outlet gas is 0.75. It means that approximately 25% of C is 
converted to CO2. Such value of C/O ratio would not be completely same as that for 
high pressure experiment or in the case using different carbonaceous materials rather 
than graphite. However, it is very difficult to obtain such values for every different type 
of composites used in the present experiment. Base on previous study and preliminary 
test, hence, this value was used throughout of my experiment. 
Then, powder mixture was press-shaped by the uniaxial compression under 30 
MPa for 30 s and a composite sample with 18 mm in diameter and 10 0.5 mm in 
height was obtained. In order to prevent the change in heating condition as possible, the 
size of composite was kept in a constant. The composite was dried in an oven for 360 
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min at 105ºC before reduction. 
The sample was put on a Pt-holder, and set into alumina block as shown in the 
enlarged part in Fig. 2.3. These were set in the vessel with the alumina block, which was 
utilized for controlling gas flow and limiting gas soaking area. Before evacuating the air 
from the vessel for 60 min, N2 gas was filled up to the regulated value of pressure. Then, 
the gas was flowed at a rate of 2.0 NL/min. The composite sample was heated up to a 
target temperature at a heating of 10ºC/min. When composite temperature reached to the 
target value, furnace was switched off and the composite was cooled down to the 
temperature lower than 100
o
C. During experiment, outlet gas composition was 
simultaneously analyzed by using an infrared gas analyzer and a gas chromatography at 
every 90 s. 
Further, the experiment parameters, such as the raw materials selection, heat 
condition, pressure states and preparation of composite, are listed in Table 2.3 for each 
chapter.  
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Table 2.1 Chemical compositions of iron oxide samples in mass%. 
 
T-Fe FeO CaO SiO2 Al2O3 MgO P Mn S LOI 
H reagent 69.99 - - - - - - - - - 
M ore 68.04 0.21 0.01 1.32 0.74 0.01 0.03 0.11 <0.01 0.52 
P ore 57.38 0.13 0.12 6.19 3.40 0.11 0.07 0.04 0.02 5.32 
R ore 57.16 0.00 0.01 5.51 2.54 0.09 0.00 0.00 0.00 10.13 
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Fig. 2.4 XRD patterns of Ores M, P and R. 
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Fig. 2.5 Changes in the weight loss and weight loss ratio obtained for Ores 
M, P and R. 
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Fig. 2.6 XRD patterns of Ores P and R after thermal decomposition. 
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Fig. 2.7 Relationships between combined water content in iron ores and 
BET surface area with and without heat treatment. 
  
63 
 
 
 
 
Table 2.2 Proximate analyses of carbonaceous materials in mass%. 
 
Fixed carbon  Volatile matter  Ash  
Graphite 98.00  -  2.00  
BA 65.26  31.99  2.75  
BA800 85.33  8.41  6.26  
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Fig. 2.8 Changes in rate of weight loss for G, BA and BA800 with 
temperature obtained under CO2 atmosphere. 
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Fig. 2.9 The SEM observations of graphite reagent, BA and BA800. 
 
  
66 
 
 
 
 
Table 2.3 Experiment parameters in this study. 
Chapter 
Iron oxide  
(mass%) 
Carbonaceous materials 
(mass%) 
C/O 
(-) 
Maximum 
temperature 
(℃) 
Pressure (MPa) Binder 
( g ) 
Mixed-grinding 
time (min) 
H M P R Al2O3 G BA BA800 0.1 0.3 1.0 3.0 5.0 8.0 
3 
84.5 - - - - 15.5 - - 0.8 ~1200 - √ √ √ √ - - × 
- 84.5 - - - 15.5 - - 0.8 ~1200 - √ √ √ √ √ - × 
4 
- 78.9 - - - - 21.1 - 0.8 ~1200 √ √ √ √ - - 0.1 × 
- 83.0 - - - - - 17.0 0.8 ~1200 √ √ √ √ - - 0.1 × 
- 84.5 - - - 15.5 - - 0.8 ~1200 √ - √ - - - 0.1 × 
- - - - 69.9 - 30.1 - - ~1200 √ √ √ √ - - 0.1 × 
5 
- - 81.6 - - - 18.4 - 0.8 ~1200 √ - √ - - - 0.1 × 
- - - 81.6 - - 18.4 - 0.8 ~1200 √ - √ - - - 0.1 × 
- - 60.2 - 39.8 - - - - ~1200 √ - √ - - - 0.1 × 
- - - 60.8 39.2 - - - - ~1200 √ - √ - - - 0.1 × 
6 
- 78.9 - - - - 21.1 - 0.8 ~1200 √ - √ √ - - - 60 
- - - 81.6 - - 18.4 - 0.8 ~1200 √ - √ √ - - - 60 
- - - - 69.9 - 30.1 - - ~1200 √ - √ √ - - - 60 
- - - 60.8 39.2 - - - - ~1200 √ - √ √ - - - 60 
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Chapter 3. Effect of pressure on gasification and reduction 
behaviors of hematite-graphite and iron ore-graphite composites 
In this study, the hematite reagent H reagent and iron ore M were used and mixed 
with graphite reagent G to prepare the composite. The mixed ratio of these materials can 
be referred to Table 2.3 in chapter 2. The reaction behaviors of H-G and Ore M-G 
composites were examined under high pressure up to 8.0MPa. 
 The temperatures were measured by using two thermocouples in high pressure 
reaction vessel and the outlet gas composition was analyzed by gas chromatography 
(See 2.2.1). The weight changes of the composite after the experiments at different 
temperatures and under different pressures were compared.  
Further, in order to examine the reaction behaviors of gasification and reduction in 
detail, chemical compositions of oxides, metallic iron and residual carbon of the 
composite were analyzed. The reduction and gasification degrees of the reacted 
composite sample were calculated by using the results of chemical analysis. 
In addition, the micro- and macro-structures of the H-G and Ore M-G composites 
sample were observed using optical microscope.  
3.1 Effect of pressure on the gasification temperature and 
temperature drop due to gasification 
3.1.1  Definition of gasification temperature of iron oxide-graphite composite 
Figure 3.1 shows change in temperatures of Ore M-G composite and that for 
control with time under 0.3MPa. The solid and dotted lines represent sample 
temperature measure by the thermocouple inserted at the bottom of Pt-holder and 
control temperature at the point of 20 mm lower from the holder, respectively (See Fig. 
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2.3). The time “0” means the beginning of heating. In the early few minutes, 
temperatures hardly increase mainly due to time lag for heat transfer through alumina 
blocks. However, the heating rate soon becomes constant, about 10
o
C/min. Difference 
of these two temperatures is seen over 150
o
C and becomes larger with further increase 
in temperature. When the control temperature increases up to approximately 500
o
C, this 
difference value between sample temperature and control temperature reaches to a 
maximum value of about 80
o
C. 
When the composite temperature reaches to about 1100
o
C, a rapid drop is seen for 
composite sample temperature, suggesting that a certain endothermic reaction takes 
place. Possible reactions occurred at such temperature are gasification of carbon, 
Eq. (3-1), and reduction of iron oxide, Eq. (3-2), since iron oxide phase is magnetite and 
wustite in the composite above this temperature, shown below: 
C(s)+CO2(g)=2CO(g)   H
o
 =172.4kJ/mol   (3-1) 
Fe3O4(s)+CO(g)=3FeO(s)+CO2(g)  H
o
 =40.54kJ/mol  (3-2) 
In contrast, the reaction enthalpy of carbon gasification is much larger than that of 
iron oxide reduction reaction. Therefore, major endothermic reaction seems the 
gasification of carbon, Eq. (3-1), and it can be accelerated by a catalytic effect of 
metallic iron formed
 49,72). Here, “gasification temperature” is defined as temperature 
where it starts to rapidly decrease. Further, temperature drop, T, is obtained as a 
temperature difference between gasification temperature and minimal value after the 
rapid decrease. The gasification temperature of iron oxide-graphite composite would 
indicate the gasification reaction, Eq.(3-1), intensively occurs and the reduction of iron 
oxide would also proceed simultaneously. The temperature drop would relate to the 
intensity of heat supply to such endothermic reaction of carbon gasification. 
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3.1.2  Temperature change of the composite 
Figure 3.2 shows the changes in temperature drop of H-G and Ore M-G 
composites with pressure. The value of T for Ore M-G composite under 0.3MPa was 
approximately 70
o
C and then decreases with an increase in pressure. Until pressure 
increase to 5.0MPa, the temperature drop of Ore M-G composite becomes 25
o
C, which 
is much smaller than that under 0.3MPa by 45
o
C. The value of T for H-G composite 
under 3.0MPa also decreases by 45
o
C from 110 to 65
o
C with 2.0MPa increase in from 
1.0MPa, while it is approximately 25
o
C higher than the case of Ore M-G composite. As 
mentioned in Chapter 1, the major heat transfer inside the composite may be conduction 
and radiation through gas and condensation phases. Increase in pressure will affect the 
heat conduction rate through densification of gas phase. It is a possible explanation why 
T decreases with increasing pressure. The result that T for hematite-graphite 
composite is higher than that of iron ore-graphite composite supports this explanation, 
because particle size of hematite is smaller than Ore M and smaller particle size of iron 
oxide leads to acceleration of a catalytic effect of gasification reaction. 
Figure 3.3 shows the effect of pressure on the gasification temperature of H-G and 
Ore M-G composites. Gasification temperature of both composites decreases with 
increasing pressure, similar to T shown in Fig. 3.2. The difference of gasification 
temperatures for M-G composites reacted under 0.3 and 5.0MPa is approximately 50
o
C. 
This value is almost equivalent to T. The lower gasification temperature of H-G 
composite should be expected than that of Ore M-G composite due to the smaller 
particle size of hematite reagent than Ore M. However, the gasification temperatures of 
H-G composite under 1.0 and 3.0MPa are almost equivalent to those of Ore M-G 
composite. It is looking forward to observe the microstructure of the reacted H-G and 
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Ore M-G composites under different pressures up to 1050
o
C and search for the reason. 
On the other hand, it is expected that the decrease in the gasification temperature 
with an increase in pressure can be attributed to other mechanisms. If the reduction of 
iron oxide proceeds through indirect reduction, an increase in total pressure leads to 
increase in partial pressure of CO. Therefore, the rate of chemical reaction of indirect 
reduction may increase with increasing pressure. If the effect of mass transfer rate of 
reductant gas on the total reaction rate is smaller than that of the chemical reaction rate, 
there is a possibility that an increase in total pressure leads to increasing total reaction 
rate. Therefore, effect of pressure on the chemical reaction rates is necessary to be 
discussed in detail. 
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Fig. 3.1 Changes in the temperature of Ore M-G composite and control 
temperature observed under 0.3 MPa. 
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Fig. 3.2 Effect of pressure on the changes in temperature drop, T, of H-G 
and Ore M-G composites. 
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Fig. 3.3 Effect of pressure on the gasification temperature of H-G and Ore 
M-G composites. 
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3.2 Effect of pressure on the gasification and reduction behaviors of 
M-G composite 
3.2.1 Effect of pressure on the weight loss of Ore M-G composite 
Figure 3.4 shows change in weight loss fraction of Ore M-graphite composite with 
temperature under different pressures. The weight loss of composites heated up to 
different target temperatures under different pressures was measured. These values of 
weight changes were used to calculate the weight loss fraction of composite. Under the 
condition of experiment in this chapter, maximum weight loss of samples was 41%, 
which is caused by gasification of carbon and reduction of iron oxide. Using this value 
as 100%, values of weight loss were normalized and shown in Fig. 3.4. Below 950
o
C, 
weight loss fractions of composites are less than 10% under any pressure. Above this 
temperature, the weight loss fraction starts to increase. At same temperature, reduction 
of M-G composite under higher pressure clearly shows larger weight loss fraction.  
The effect of pressure on the weight loss fraction of Ore M-graphite composite at 
950, 1050 and 1150
o
C is shown in Fig. 3.5 by picking up the data shown in Fig. 3.4. As 
described above, there is little change of the weight loss fraction with pressure at 950
o
C. 
Weight loss fraction of the composite at 1150
o
C is also constant and it is likely due to 
the value reaches to almost 100%. Namely, the reduction of iron oxide in composite is 
almost completed. At 1050 ºC, on the other hand, the weight loss fraction remarkably 
increases with increasing pressure. The value increases from 19% (reduced under 
0.3MPa) to 87% (reduced under 8.0MPa). It means that pressure gives significant 
promotion effect on the gasification and reduction at about such temperature.  
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3.2.2 Effect of pressure on gasification and reduction degrees of Ore M-G 
composite 
Weight loss fraction is the sum of fractions of oxygen removal by iron oxide 
reduction and carbon removal by gasification. However, it is difficult to distinguish their 
individual contributions by the data of weight loss only. Reduction and gasification 
degrees are represented by the following equations: 
                    
     
  
          (3-3) 
                       
     
  
          (3-4) 
where Oi and Or are amounts of initial oxygen in iron oxide and remained oxygen 
after heating, respectively, and Ci and Cr are the amounts of initial carbon in graphite 
and remained carbon after heating, respectively. According to the chemical analysis 
results, the value of Or and Cr were obtained. The reduction and gasification degrees of 
the reduced composite were calculated. The changes in reduction degree and 
gasification degree of Ore M-graphite composite with temperature under different 
pressures are shown in Fig.3.6 and 3.7, respectively. The reduction degree increases 
with increasing temperature under all pressure conditions. At 950
o
C, effect of pressure 
on the reduction degree is not clear similar to weight loss fraction (refer to Figs. 3.4 and 
3.5). At 1050
o
C, on the contrary, clear effect of pressure on the reduction degree was 
obtained. Over 1150
o
C, effect of pressure on the reduction degree is hardly seen because 
the reduction reaction was almost completed. These trends are similar to those of the 
weight loss fraction. In the case of gasification degree changes with temperature under 
different pressures, the similar trends to the reduction degree is obtained. 
Effect of pressure on the reduction and gasification degrees of the composite at the 
gasification temperature is shown in Fig. 3.8. The values of reduction and gasification 
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degrees were picked up from Figs. 3.6 and 3.7. Both degrees at the gasification 
temperature increase rapidly from 0.3 to 1.0MPa and then gradually increase with 
increasing pressure. On the gasification reaction, increase of pressure may give 
significant suppression effect because it is a typical gas-generating reaction. However, 
such effect is hardly seen from the figure. It is essential to study this phenomenon in 
detail although it seems to be the results of complicated phenomena, such as reduction 
and gasification reactions, catalytic effect and so forth. 
For the carbothermic reduction of Ore M-graphite composite, it mainly uses solid 
carbon as reductant in the production of metallic iron. The direct reduction of iron oxide 
by solid carbon through solid-solid reaction and indirect reduction of iron oxide by 
carbon occurs through the gas-solid reactions. However, it is generally agreed that the 
reduction of iron oxide by carbon occurs through the gaseous intermediates CO and 
CO2 in the iron oxide-carbon composite.
88-90)
 The reaction sequence can be represented 
by Eq.(1-1) (FexOy(s) + CO(g) = FexOy-1(s) + CO2(g)) and Eq. (1-2) (C(s) + CO2(g) = 
2CO(g)) as mentioned in chapter 1. The individual gas-solid reactions, the reduction of 
iron oxide by CO and the gasification of carbon by CO2 under normal atmosphere, have 
been thoroughly investigated and the mechanisms are reasonably well understood.
88,89)
 
And it is reasonable to expect that the overall rate is controlled by the gasification of 
carbon, Eq. (1-2).  
The reaction of carbon with CO2 under high pressure condition has been studied by 
several researchers.
 80,91)
 Blackwood et al proposed the mechanism as following basis 
steps: 
                                                        (3-5) 
                                                         (3-6) 
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                                                       (3-7) 
                                                     (3-8) 
                                                     (3-9) 
where the (O) and (CO) are represented as the oxygen atom and carbon monoxide in the 
adsorbed state, respectively. The mechanism of the reaction has been explained: the 
adsorption process where CO2 breaks down at the carbon surface as Eq.(3-5), formation 
of (CO) and (O) in the adsorbed state as Eq.(3-5) and (3-6), CO adsorbed on the carbon 
surface and compete equally with oxygen for active sites as Eq.(3-7), the reverse 
reaction under atmospheric pressure as Eq. (3-8) and the reverse reaction under high 
pressure as Eq. (3-9). The rate of carbon gasification by CO2 can be derived using in 
conjunction with these equations. Increase in partial pressure of CO2 will increase the 
adsorbed amount of CO2 on the carbon surface (Eq.(3-5)). If there are enough active 
sites on carbon surface, the gasification rate of carbon will be promoted under higher 
partial pressure of CO2.  
In this study, increase in pressure leads to increase in partial pressure of CO2. Such 
increase in the partial pressure of CO2 will lead to increasing the adsorbed amount of 
CO2 on the carbon surface in terms of carbon gasification mechanism from Blackwood 
et al.
91)
 Therefore, carbon gasification by CO2 is promoted in Ore M-graphite composite. 
Meanwhile, the generation rate of CO from carbon gasification reaction will also 
increase. Further, for the coupling reactions of carbon gasification (C(s) + CO2 (g) 
=2CO(g)) and iron oxide reduction (FexOy(s)+CO(g)=FexOy-1(s)+CO2(g)) in the 
composite, rate of reduction of iron oxide will be accelerated along with increase in 
partial pressure of CO. Nagasima et al has conducted the acceleration mechanism for 
reduction of iron oxide-carbon composite by increase in pressure in their study.
 92)
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3.2.3 Gasification behaviors of Ore M-G composite under different pressures 
Figure 3.9 shows the changes in the concentration of CO and CO2 generated from 
Ore M-G composite under different pressures. Concentration of CO and CO2 decreases 
with increasing pressures. Since the gas analysis was carried out under atmospheric 
pressure, the flow rate of outlet gas at the gas analysis point increases with increasing 
pressure inside the furnace. Therefore, gas concentration decreases although the amount 
of generated gas was constant. Temperature at which CO starts to generate becomes 
lower with increasing pressure. For example, such temperatures under 0.3 and 5.0MPa 
are approximately 1000 and 930
o
C, respectively. Rapid increase in the concentration of 
CO generated from Ore M-G composite heated under 0.3MPa is observed at 
approximately 1070
o
C and it decreases with increasing pressure. It is agreed well with 
the effect of pressure on the gasification temperature in Fig. 3.3. After that, a significant 
temperature decrease of the composite sample is seen during the reduction experiment 
and it makes the concentration line irregular. This phenomenon well corresponds to the 
gasification temperature shown in Fig. 3.1. Further, the temperature drop estimated from 
Fig. 3.9 also corresponds to the T shown in Fig. 3.2. However, these values did not 
quantitatively agree each other because the interval time of gas analysis (90 s) was not 
sufficiently small compared to necessary time for the temperature drop (in the range 
from 100 to 150 s). Such disagreements make estimations of reduction and gasification 
degrees difficult by using only gas composition data. Therefore, reduction and 
gasification degrees were tried to estimate by chemical analysis of the reduced 
composite samples. 
Figure 3.10 shows the changes in gas ratio of CO to (CO+CO2) in the outlet gas for 
Ore M-G composites under different pressures on the phase diagram of Fe-O system. 
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The gray lines represent equilibrium gas ratios determined by the carbon gasification 
reaction described by Eq. (3-1) under different pressures. The black solid lines represent 
the phase boundaries of iron. The colored lines are the gas ratios observed for M-G 
composites under different pressures.  
The temperature, where the gas ratio starts to increase, decreases with increasing 
pressure and is observed in the range from 890 to 930
o
C. In this temperature range, 
reduction from hematite to magnetite proceeds and then reduction to wustite starts. The 
gas ratio rapidly increases, and it reaches to the coexisting line of magnetite and wustite 
in the temperature range from 910 to 970
o
C. The gas ratio observed for composite 
heated under lower pressure such as 0.3MPa continuously increases after reaching the 
boundary line of wustite and metallic iron, and then it becomes to be a constant value, 
approximately 85%. Such constant value seems to decrease with increasing pressure and 
under 5.0MPa, it overlaps the boundary line of wustite and metallic iron. Further, based 
on the generation rate of CO and CO2 from the composite, the average conversion ratio 
of carbon to CO in composite until 1100
o
C under 0.3MPa is 0.54 and decreases to 0.46 
under 5.0MPa. These results can be attributed to the promotion of reduction of iron 
oxide and probably the suppression of gasification reaction due to pressure increase.  
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Fig. 3.4 Change in weight loss fraction of Ore M-G composite with 
temperature under different pressures. 
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Fig. 3.5 Effect of pressure on the weight loss fraction of Ore M-G 
composite. 
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Fig. 3.6 Change in reduction degree of Ore M-G composite with 
temperature under different pressures. 
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Fig. 3.7 Change in gasification degree of Ore M-G composite with 
temperature under different pressures. 
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Fig. 3.8 Effect of pressure on the reduction and gasification degrees of Ore 
M-G composite at the gasification temperature. 
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Fig. 3.9 Change in concentration of CO and CO2 generated from Ore M-G 
composite with temperature under different pressures 
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Fig. 3.10 Changes in CO/(CO+CO2) of outlet gas generated from Ore M-G 
composite with temperature under different pressures on phase diagram of 
Fe-O system. 
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3.3 Microstructures of H-G and Ore M-G composites reduced under 
different pressures 
Figure 3.11 shows microstructures of the cross sections of Ore M-G composite 
samples heated up to 1050 ºC under 3.0, 5.0 and 8.0MPa. White and gray parts are 
metallic iron and wustite, phases, respectively. Elongated phase with acicular structure 
is graphite and relatively dark gray region is resin used for mounting. Reduced iron is 
observed in all the composite samples, although there are certain parts of not reduced. 
Further, reduction pattern does not macroscopically agree with typical topochemical 
reaction, similarly to the case of iron ore-coal composite reduction under normal 
pressure
66)
. The ratio of reduced iron to wustite appears to increase with increasing 
pressure. On the other hand, larger amount of graphite is remained in the composite 
reduced under 0.3MPa. Size of graphite particles and their amount seem to decrease 
with increasing pressure and no graphite particles are seen in the sample reduced under 
8.0MPa. 
Microstructures of cross sections of H-G composite samples heated up to 1050ºC 
under 3.0 and 5.0MPa are shown in Fig. 3.12. The structure is significantly different 
from that of Ore M-G composite. In the case of H-G composite, some large particles are 
very dense and seem to be formed by sintering of smaller particles. Further observation 
made clear that the thin layer of metallic iron formed on the surfaces of the large 
sintered particles. The average particle size of H reagent is 0.5μm, but hematite particles 
were aggregated and form secondary particles with several tens to over 100μm 
micrometers in particle size. In addition, other two phases were observed in such 
particles, i.e., Fe3O4 and FeO. It suggests that diffusion rate of the reductant gas through 
metallic iron or iron oxide phase is relatively slow and becomes a rate-determining step 
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of the reduction when the composite sample is prepared by fine hematite powder. 
Changes in the weight loss fraction of H-G and Ore M-G composites reduced 
under 0.3 and 3.0MPa are shown in Fig. 3.13. The weight loss fractions were larger for 
the both composited reduced under higher pressure, 3.0MPa. Further, H-G composite 
shows slightly larger weight loss fractions than Ore M-G composite under both 
pressures. It suggests that the reduction reaction is promoted by particle size reduction, 
i.e., increase of specific surface area of the iron oxide. 
Figure 3.14 shows the effect of pressure on the weight loss fraction of Ore M-G 
and H-G composites reduced up to 1050ºC. For the Ore M-G composite, the weight loss 
fraction increases with an increase in pressure as described above. H-G composite 
shows higher weight loss fraction than Ore M-G composite until 3.0MPa. However, 
there is a slight increase in the weight loss fraction of H-G composite by the pressure 
increase from 3.0 to 5.0MPa. It is likely due to the shell structures of metallic iron 
observed in the reduced H-G composite (see Fig. 3.12) lead to that mass transfer of 
reducing gas become difficult. It may be a reason why weight loss fraction does not 
decrease. 
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Fig. 3.11 Microstructures of cross sections observed for Ore M-G 
composites heated up to 1050ºC under different pressures of 3.0, 5.0 and 
8.0MPa. 
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Fig. 3.12 Microstructures of cross sections of H-G composites heated up to 
1050ºC under the pressure of 3.0 and 5.0MPa. 
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Fig. 3.13 Changes in weight loss fractions of H-G and Ore M-G composite 
with temperature under 0.3 and 3.0MPa 
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Fig. 3.14 Effect of pressure on the weight loss fraction of H-G and Ore 
M-G composites heated up to 1050ºC 
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3.4 Conclusions 
Carbothermic reduction reaction of Ore M-G and H-G were examined under 
different pressures. The effects of pressure on the gasification and reduction behaviors 
of the composite were evaluated by gas composition analysis and microscopic 
observation. 
 
The following results were obtained: 
 
1) In the reduction at an elevating temperature, gasification temperature of carbon 
remarkably decreases with an increase in pressure. The decrease in the “temperature 
drop” indicates that the intensity of heat supply inside the composite increases with 
increasing pressure.  
 
2) The reduction degree and gasification degree of the composites increase with 
increasing pressure. At 1050ºC, increase in pressure from 0.3 to 5.0MPa leads to an 
increase in reduction degree from 16% to 65%. Theoretical analysis indicates that 
increasing pressure leads to coupling reactions of carbon gasification and iron oxide 
reduction since the increase in pressure of partial pressure of CO2 promotes the 
gasification of carbon. 
 
3) Concentration ratio of gases, CO/(CO + CO2), in outlet gas decreased with 
increasing pressure after reaching the coexisting line of wustite and metallic iron, 
suggesting that increase in pressure leads to increasing indirect reduction rate and 
suppression of gasification reaction. 
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4) For composite sample prepared using iron ore M having average particle size of 
77μm, acceleration effect of pressure on the reduction reaction was observed up to 
8.0MPa. However, such effect was up to 3.0MPa only when using composite prepared 
using hematite reagent H having particle size of 0.5μm. It is because large dense iron 
oxide particles became to be covered by thin films of metallic iron phase and it seems to 
suppress the diffusion of reductant gas. 
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Chapter 4. Effect of pressure on reaction behaviors of composites 
prepared using biomass char 
As described in Chapter 3, it is found that the temperature at which reduction 
degree reached to 90% under 1.0 and 5.0MPa are approximately 50 and 100
o
C lower 
than that obtained under 0.3MPa, respectively. However, the temperatures when the CO 
ratio of outlet gas, CO/(CO+CO2), reached to the equilibrium boundary line of wustite 
and metallic iron were approximately 1060
o
C even under 5.0MPa. To realize the high 
pressure process at which this study aims, further low temperature reduction will be 
desired. Biomass char is a carbon neutral material, which possesses a higher reactivity 
than coke and graphite
90)
 and therefore it has a possibility to remarkably decrease 
reaction temperatures.  
Improvement in gasification reaction of carbonaceous materials can lead to a 
higher reactivity of the composite and therefore the formation of metallic iron can 
proceed at lower temperature. The semi-coal-char and semi-charcoal with some residual 
volatile matter were employed to investigate the reaction behavior of the composite by 
Konishi et.al
55-59)
. The semi-charcoal produced by carbonization of biomass which owns 
a novel advantage in carbon neutral has a potential as reductant in iron ore-carbon 
composite to decrease the reaction temperature. Depending on the temperature regime 
and experimental atmosphere, the effect of volatile matters on reduction of iron oxide 
can be negligible or quite significant.
93-96)
 The improvement of reactivity of iron 
ore-biomass charcoal composite for blast furnace is also studied by Ueda et.al.
52)
. Much 
lower reduction temperature and larger reaction rate of the composite with biomass 
charcoal were obtained in an inert atmosphere than that with coke. Further, it seems that 
the reaction rate of the composite with highly reactive reducing agent such as biomass 
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charcoal is controlled by both reaction rates of carbon gasification and iron ore 
reduction.  
The main reactions for the biomass charcoal-based reduction of composite consist 
of volatile matters decomposition, carbon gasification and iron oxide reduction. These 
reactions can be stepwise illustrated by the following reactions: 
Charcoal devolatilization: 
Charcoal to carbon: Charcoal -> C + tar + gases (e.g. H2, H2O, CO, CO2, CH4)   (4-1) 
Carbon gasification: 
Boudouard reaction: C+CO2 = 2CO        (4-2) 
Irion oxide reduction: 
Hematite to magnetite: 3Fe2O3 + CO = 2Fe3O4 + CO2            (4-3) 
3Fe2O3 + H2 = 2Fe3O4 + H2O            (4-4) 
Magnetite to wustite:  Fe3O4 + CO = 3FeO + CO2            (4-5) 
Fe3O4 + H2 = 3FeO + H2O            (4-6) 
Wustite to iron:       FeO + CO = Fe + CO2                   (4-7) 
                   FeO + H2 = Fe + H2O                   (4-8) 
The H2 and CO so produced by devolatilization of volatile matter may react with 
iron oxide and generate H2O and CO2. Then the gasification of carbon by CO2 takes 
place to produce the reducing gas CO, in turns reacts with the iron oxide and produces 
more CO2. The gas in excess to that required for the reactions will flows to the outside 
of the composite.
94,97)
 After the volatile matter released completely and then the 
reduction reactions depend on the supply of CO from the carbon gasification (Eq.4-2). 
However, under higher pressure, the devolatilization of volatile matter and the 
Boudouard reaction may be suppressed since they are gas forming reactions.  
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In this chapter, iron ore M and biomass charcoals BA and BA800 were applied to 
prepare the composite. The mixed ratios of these materials can be listed in Table 2.3 of 
Chapter 2. During the experiment, the concentrations of CO, CO2, CH4, H2, H2O and N2 
gases were measured by using a gas chromatography at every 90s. The reaction 
behaviors of M-BA and M-BA800 composites were examined under different pressure 
up to 3.0MPa. Further, the utilization of volatile matter in the composite and effect of 
pressure on the gasification reaction of carbon (Boudouard reaction (Eq.4-2)) were 
discussed by introducing the results of M-BA and M-BA800 composites.  
4.1 Decomposition behaviors of biomass char in the composite under 
different pressures 
Biomass char BA contains a large amount of volatile matter, more than 30%. It 
seems to decompose mainly at the temperature range below 700
o
C under 0.1MPa (Ref. 
Fig. 2.8, Chapter 2). However, the decomposition of volatile matter will be influenced 
by the pressure because it is a gas forming reaction. Therefore, the decomposition 
behavior of volatile matter in BA is firstly discussed.  
4.1.1 Decomposition of volatile matter in biomass charcoal BA under 0.1MPa 
In order to discuss decomposition reaction of volatile matter in BA at elevating 
temperature, thermo-gravimetric experiments of BA and BA800 under CO2 and N2 
atmospheres were carried out. Changes in the rates of weight loss obtained for BA and 
BA800 with temperature under CO2 and N2 atmospheres at 0.1MPa were shown in Fig. 
4.1.  
Low temperature peaks below 100
o
C can be attributed to the vaporization of 
free/adsorbed water. Above 250
o
C, differences in rate of weight loss between BA and 
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BA800 were observed under both CO2 and N2 atmospheres. For biomass charcoal BA, 
rate of weight loss started to increase from 280
o
C and shows peaks at approximately 
500
o
C under both of CO2 and N2 atmospheres. Further, the rate of weight loss increased 
again above 700
o
C under CO2 atmosphere. It is likely due to the reaction of fixed 
carbon in BA with CO2. However, low temperature peak at 500
o
C was not observed in 
the cases of BA800. Under CO2 atmosphere, its rate of weight loss started to increase at 
700
o
C. Comparing the cases of BA and BA800 under N2 atmosphere, rates of weight 
loss seem to be similar at temperature more than 800
o
C. Consequently, most of volatile 
matters contained in BA have decomposed at the temperature range of 250~700
o
C. The 
fixed carbon in BA and BA800 seems to react with CO2 at above 750
o
C. Further, the 
maximum values for BA and BA800 composites under CO2 atmosphere were observed 
at approximately 900 and 920
o
C, respectively. 
4.1.2 Gas generation behaviors of Al2O3-BA composite under different pressures 
Then, an Al2O3-BA composite was prepared to gain more insight phenomena of the 
gasification from biomass char occurring under different pressures. The volume fraction 
of Al2O3 in the composite was set at same value as that of iron ore in the Ore M-BA 
composite. It is assumed that Al2O3 particles in the composite acted as a spacer only and 
it does not affect the devolatilization reaction of the volatile matter. Such composite was 
heat up to 800
o
C under different pressures. The generation rates of gases were 
calculated using the composition data of CO, CO2, CH4, H2, H2O and N2, and flow rate 
of outlet gas.  
Figure 4.2 shows the changes in the various gaseous generation rates from the 
Al2O3-BA composite with temperature under 0.1 and 1.0MPa. Under 0.1MPa, CO2 and 
99 
 
H2O gases start to generate and generation rates of them drastically increase above 
nearly 250
o
C and showed the maximum value at approximately 320 and 400
o
C, 
respectively. Above 250
o
C, CO and CH4 gases were sequentially generated from BA. 
Two peaks of the generation rate of CO gas appeared at about 400 and 520
o
C, 
respectively. The maximum value of CH4 was observed at nearly 520
o
C. H2 gas started 
to generate at nearly 350
o
C and continuously generated with increasing temperature. Its 
maximum value was shown at 700
o
C, which was higher than those of other gases.  
In comparison with the gas generation rate of Al2O3-BA composite under 0.1MPa, 
some differences were observed under 1.0MPa. The first local peak of CO caused by the 
decomposition of volatile matters was observed at approximately 470
o
C. It is higher 
than that under 0.1MPa by 70
o
C. Further, generation rate of CO under 1.0MPa above 
500
o
C was larger than that of under 0.1MPa. CO2 formed by the decomposition of 
volatile matter shifted to relatively higher temperature at approximately 400
o
C. For 
generation rate of CH4, it seems to start at approximately 400 and reached maximum 
value at nearly 500
o
C. Further, H2 generation rate continuously increased with 
increasing temperature and then seems to show a constant value at above 600
o
C. 
Smaller generation rate of H2O was observed while pressure increased from 0.1 to 
1.0MPa. Except H2, generation rates of gases reached their maximum values seem to 
shift to higher temperatures under 1.0MPa. 
4.1.3 Weight loss of BA in Al2O3-BA composite under different pressures 
Figure 4.3 shows the changes in weight loss fraction of Al2O3-BA composites with 
temperature under different pressures of N2 atmosphere. Here, the weight loss fraction is 
defined as the weight ratio of generated gases detected by gas analyzer to BA in 
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Al2O3-BA composite. It can be assumed that weight loss below 800
o
C was mainly 
caused by the decomposition of volatile matters contained in BA. Difference of the 
changes in the weight loss fraction is seen depending on pressures. In the temperature 
range from 200 to 800
o
C, weight loss under 0.1MPa was larger than those under 1.0 and 
3.0MPa. Above nearly 450
o
C, the weight loss under 1.0MPa became larger than that 
under 3.0MPa. However, the total weight loss fractions at 800
o
C show a similar value, 
about 30%, under all pressures. It implies that an increase in pressure shifts the 
decomposition reaction of volatile matters in BA to higher temperature. 
Further, the cumulative amount of gases decomposed from volatile matter in 
biomass charcoal BA with temperature up to 800
o
C as function of pressure was 
calculated using outlet gas composition analysis. The results are shown in Fig. 4.4. 
Under 0.1MPa, the cumulative generation amount of hydrogen atom mainly existed as 
form of H2, H2O and CH4, while the carbon atom existed as CO, CO2 and CH4. It is 
evident that the cumulative amounts of H2, CO and CH4 significantly increased with 
increase in pressure while the amount of H2O remarkably decreased. The cumulative 
amount of CO2 also increased while pressure increased from 0.1 to 1.0MPa and slightly 
changed under both 0.1 and 1.0MPa. These results suggest that the conversion of 
volatile matter under different pressures would obtain different gaseous compositions. 
The different gaseous compositions generated from decomposition (cracking) of volatile 
matter in biomass charcoal in some ways depend on the decomposition 
temperature.
55,98)
 The volatile matter decomposed under higher temperature will crack 
to light gases. Referring the results in Fig.4.3, increasing pressure seems to lead to 
suppression of volatile matter decomposition at lower temperature range and the 
decomposition shifted to relatively higher temperature range. On the other hand, the 
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cracking of tar proceed at higher temperature range may generate more light gas e.g. CO, 
H2 and CH4. Therefore, increasing pressure may lead to increase in cumulative amount 
of reducing gases (CO and H2) from the decomposition of volatile matter. And the 
potential of volatile matter on reduction of iron oxides in composite will increase. 
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Fig. 4.1 Changes in the rates of weight loss of BA and BA800 with 
temperature under CO2 and N2 atmospheres at 0.1MPa. 
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Fig. 4.2 Changes in the generation rate of gases from the Al2O3-BA 
composite with temperature under 0.1 and 1.0MPa. 
  
  
104 
 
 
 
 
 
Fig. 4.3 Changes in weight loss fraction of BA in Al2O3-BA composites 
with temperature under different pressures of N2 atmosphere. 
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Fig. 4.4 Cumulative amounts of gases decomposed from BA in Al2O3-BA 
composites heated up to 800
o
C under different pressures. 
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4.2 Gas generation behaviors from Ore M-BA composite under 
different pressures 
The generation rate of gas is defined as the mole generation rate of gas normalized 
to the amount of Fe in iron oxide in the composite. And it was estimated for the case of 
Ore M-BA composite obtained under different pressures.  
Figure 4.5 shows the changes in generation rates of gases from Ore M-BA 
composite and their differences between Ore M-BA and Al2O3-BA composite under 
0.1MPa. Above 450
o
C the difference in the generation rate of H2O showed positive 
value, while a large negative value was obtained in generation rate of H2. This implies 
that generated H2 from biomass char BA was consumed through the reduction of iron 
oxide. Above 700
o
C, generation rate of CO gas gradually increased and the generation 
rates of CO and CO2 appeared peaks at approximately 1060
o
C. These are likely due to 
the gasification of fixed carbon and the reduction of iron oxide by generated CO.  
The changes in generation rate of gases from Ore M-BA and the differences 
between the generation rates of the gases from Ore M-BA and Al2O3-BA composite 
under 1.0MPa are shown in Fig. 4.5. Under 1.0MPa, generation rate of CO below 600
o
C 
seem lower than that under 0.1MPa. Above 600
o
C, CO gas gradually increased and 
reached to the maximum value at approximately 1000
o
C. For the generation rate of CO2 
under 1.0MPa, two local peaks were observed at approximately 750 and 1000
o
C. Such 
peaks of CO2 generation rate were also observed under 0.1MPa. However, such peak 
temperatures under 0.1MPa were much higher, i.e., 880 and 1070
o
C. 
Under 1.0MPa, the difference in the generation rate of CO shows negative values, 
while that of CO2 shows positive values at the temperature range between 450 and 
700
o
C. It implies that the reduction of iron oxide by CO gas proceeded at such a 
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temperature range. The difference in generation rates of H2 and H2O showed the similar 
trend at temperature range from 520 to 1000
o
C. Differences in generation rates of 
hydrocarbon gases like CH4 were very small and it is difficult to discuss their cracking 
reactions and their effects on the reduction reactions. 
The generation rates of (H2+H2O) and (CO+CO2) in M-BA composites under 0.1 
and 1.0MPa were shown in Fig. 4.6 and it is shown to discuss the effect of pressure on 
the decomposition of volatile matter in Ore M-BA composite. Below 800
o
C, generation 
rate of (H2+H2O) under 1.0MPa was lower than that of under 0.1MPa. However, the 
slope for (H2+H2O) under 1.0MPa became larger at above 570
o
C. Further, above 780
o
C, 
the generation rate of (H2+H2O) under 1.0MPa became larger than that under 0.1MPa. 
Generation rate of (CO+CO2), under 1.0MPa was lower at the temperature below 600
o
C. 
However, it became larger above 600
o
C. These phenomena indicate that an increase in 
pressure suppress the decomposition of volatile matter in BA at lower temperature range. 
In addition, the generation rate of (CO+CO2) under 1.0MPa was higher than that under 
0.1MPa from 700 to 1000
o
C, suggesting that the gasification and reduction reactions of 
Ore M-BA composite proceeded faster under higher pressures. 
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Fig. 4.5 (a) Changes in generation rates of gases from Ore M-BA 
composite with temperature and (b) their differences between Ore M-BA 
and Al2O3-BA composites obtained under 0.1MPa.  
109 
 
 
 
 
 
Fig. 4.6 (a) Changes in generation rate of gases from Ore M-BA composite 
with temperature and (b) their differences between Ore M-BA and 
Al2O3-BA composite obtained under 1.0MPa. 
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Fig. 4.7 Changes in generation rates of (H2+H2O) and (CO+CO2) from Ore 
M-BA composites under 0.1 and 1.0MPa. 
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4.3 Effect of pressures on the reduction and gasification behaviors of 
Ore M-biomass charcoal composites 
In order to examine the effect of biomass char on the reactions of composite, the 
weight loss fractions of Ore M-BA and Ore M-BA800 composites were compared with 
Ore M-G composite. Further, the effect of volatile matter on reduction of iron oxide 
under high pressure was discussed by introducing the results of Ore M-BA and Ore 
M-BA800 composites.  
4.3.1 Using biomass char BA and BA8000 influence on the reaction of composite 
under different pressures  
Figure 4.8 shows changes in the weight loss fraction of Ore M-BA, Ore M-BA800 
and Ore M-G composites with temperature under different pressures. The marks denote 
the directly-measured weight loss fraction values measured before and after experiment. 
The red curves were the weight loss fractions of Ore M-BA composite calculated from 
the gases compositions and they seem agree well with that estimated by the 
measurement. The green curves represented the weight loss fractions of Ore M-BA800 
composites under 0.1, 1.0 and 3.0MPa. And the black curves were the weight loss 
fractions of Ore M-G composites under 0.1 and 1.0MPa. The curves of Ore M-G 
composite show a decrease in temperature at approximately 1050
o
C and it is due to the 
temperature drop occurred (See Chapter 3, Section 3.1). 
In comparison with the weight loss fraction curves of Ore M-G composite under 
same pressures, the reactions of Ore M-BA and Ore M-BA800 composites occurred at 
remarkably lower temperature. The reason would be that the reactivity of BA and 
BA800 was higher than graphite reagent (See Chapter 2, Section 2.2). The possible 
cause for the highly porous nature of biomass charcoal and denser morphology of 
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graphite as is evidenced from the SEM observation depicted in Fig.2.9. At the same 
temperature, reaction under higher pressure clearly shows larger weight loss fraction for 
all the kinds of composites. Compare the weight loss fractions of Ore M-BA with that of 
Ore M-BA800 composite, larger weight loss fraction for Ore M-BA composite was 
observed under same pressure. Above 700
o
C, weight loss fraction of Ore M-BA800 
composite started to increase gradually while that of Ore M-BA composite already 
increased to higher than approximately 10%. The weight loss fraction of Ore M-BA 
composite below 700
o
C mainly includes the decomposition of volatile matter in BA and 
the possible reduction of iron oxide. But the weight loss fraction of M-BA800 
composite below 700
o
C was very small. It is because the amount of volatile matter in 
BA800 was much lower than BA and no decomposition of volatile matter or partly 
reduction of iron oxide by reducing gases (e.g. CO, H2) occurred in Ore M-BA800 
composite. 
However, from the results of weight loss fraction, it is difficult to distinguish the 
individual contributions of reduction and gasification reactions occur in the composite. 
Further, the contribution of volatile matters on the reduction of iron oxide could not be 
clearly understood from the weight loss fraction only. Therefore, it is necessary to 
discuss individually the reduction and gasification degrees of Ore M-BA and Ore 
M-BA800 composites with elevating temperature under different pressures.  
Gasification and reduction degrees of the composite were calculated by the 
following formula: 
                          
         
      
                             (4-9)  
                       
              
           
                          (4-10) 
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where Ccomp and CBA are the molar amounts of carbon atom in CO, CO2 and CH4 
gases generated from the composite and that from biomass char, respectively. Cfixed is 
the amount of fixed carbon in biomass char. Ocomp and OBA are the amounts of oxygen 
atom in the CO, CO2 and H2O gases generated from the composite and that of from 
biomass char, respectively, Oore and Oiron oxide are that of oxygen atom in H2O generated 
from the ore and that originally contained in iron oxide in the composite, respectively.   
Changes in the gasification and reduction degrees of Ore M-BA and Ore M-BA800 
composites with temperature under different pressures were shown in Fig. 4.9 and Fig. 
4.10, respectively. Both the gasification and reduction degrees of Ore M-BA and Ore 
M-BA800 composites were promoted with increasing pressure. Temperature where the 
gasification reaction of Ore M-BA composite started to increase under high pressure 
condition is lower than that observed by the thermo-gravimetric experiment for BA 
under 0.1MPa. It is possible that the gasification of fixed carbon by the CO2 formed by 
the decomposition of volatile matter.
94)
 Under same pressure, gasification degree of Ore 
M-BA composite was larger than that of Ore M-BA800. Such difference between Ore 
M-BA and Ore M-BA800 in gasification may be due to the different amount of volatile 
matter content. Similar results were obtained in the reduction degree. The initial 
gasification of fixed carbon proceeded in M-BA composite with CO2 generated from 
decomposition of volatile matter at relatively lower temperature range. CO produced 
from such reaction would react with iron oxide. It is estimated that the coupling 
reactions of carbon gasification and iron oxide reduction in M-BA composite occurred 
at relatively lower temperature than in Ore M-BA800 composite. Further, for the 
gasification of carbon, which is endothermic reaction, may occur under higher pressure 
since the heat conduction inside the composite was promoted with increase in pressure. 
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The values of gasification and reduction degrees of Ore M-BA800 composites below 
800
o
C are lower than 5% and it is probably due to the decomposition of little residual 
volatile matters contained in BA800. 
4.3.2 Changes in CO ratio, CO/(CO+CO2), and H2 ratio, H2 /(H2+H2O), observed 
for M-BA composite under different pressures 
Gasification reaction of carbon (Boudouard reaction), shown as Eq. (1-2) in 
chapter 1, seems to be suppressed by increase in pressure due to an equilibrium 
regulation. Therefore, it is necessary to discuss on the change in the partial pressure 
ratio of CO to (CO + CO2), CO ratio: CO/(CO+CO2), in the outlet gas of Ore M-BA 
composite under different pressures. Further, since the reducing gas generated from Ore 
M-BA composite proceeds not only by the CO but also H2 formed through volatile 
matter decomposition, change in H2 ratio. H2/(H2+H2O), is also discussed. 
The changes in CO ratio for Ore M-BA composite with temperature are shown in 
Fig. 4.11 on the phase diagram of the Fe-O system. CO ratio reached the boundary line 
between wustite and metallic iron at approximately 900
o
C under 0.1MPa and it 
decreased to nearly 880
o
C with increasing pressure to 1.0MPa. However, such 
temperature was about 950
o
C under 3.0MPa suggesting that equilibrium of carbon 
gasification reaction limited the effect of pressure. From the equilibrium point of view, 
the temperatures of reduction of FeO corresponding to Boudouard reaction under 0.1, 
1.0 and 3.0MPa are approximately 700, 800 and 900
o
C, respectively. Temperatures 
where the CO ratios for Ore M-BA composite reached the boundary line of wustite and 
metallic iron under 0.1 and 1.0MPa are much higher than the equilibrium temperatures. 
It is reasonable that increase in pressure leads to decrease in metallic iron formation 
temperature from the equilibrium point of view. However, the equilibrium temperature 
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under 3.0MPa is higher than the actual temperature of CO ratio for Ore M-BA 
composite reached the equilibrium line of wusite and metallic iron under 0.1MPa. The 
reduction of iron oxide under 3.0MPa, which proceed by CO generated from fixed 
carbon gasification, impossibly occurred at lower temperature than that under 0.1 and 
1.0MPa. Therefore, reduction of iron oxide in Ore M-BA composite might take place by 
volatile matter have to be investigated. 
The changes in the H2 ratio for Ore M-BA composite with temperature were shown 
in Fig. 4.12 on the phase diagram of the Fe-O system. It reached the equilibrium line 
between wustite and metallic iron at 810
o
C under 0.1MPa and such temperature 
decreased to approximately 740
o
C under 3.0MPa. The reduction temperature of iron 
oxide by H2 to metallic iron would be lowered with an increase in pressure. Further, 
since H2 reduction is an endothermic reaction, promotion of heat supply due to increase 
in pressure may give a positive effect. 
4.3.3 Effect of pressure on the reduction and gasification reactions 
Figure 4.13 shows the changes in reduction and gasification degrees obtained for 
Ore M-BA and Ore M-BA800 composites with pressure heated at 700
o
C. These values 
were picked up from Figs. 4.9 and 4.10. Increasing pressure leads to increasing both the 
reduction and gasification degrees of Ore M-BA composite while the effect of pressure 
is not significant for Ore M-BA800 composite. Further, both the reduction and 
gasification degrees of M-BA composite were larger than those of Ore M-BA800 
composite under the all pressures. It can be assumed that the fixed carbon hardly react 
with CO2.Therefore, it can be considered that the formation of reducing gases by the 
decomposition of volatile matters in BA and reduction of oxide by the reducing gases 
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seem to be promoted with increasing pressure. 
The relation between the temperature where the reduction degree of the composites 
reached 30% or 70% and pressures is shown in Fig. 4.14 to clarify the effect of the 
pressures on the reduction reaction. Reduction degree of 30% indicates the beginning 
stage of metallic iron formation in the composite. The temperature where metallic iron 
started to form in Ore M-BA composite decreased with increasing pressure and was 
lowered to approximately 800
o
C under 3.0MPa. It was lower than the equilibrium 
temperature of CO ratio of carbon gasification reaction across the boundary line 
between FeO and metallic iron under 3.0MPa. Therefore, this reduction seemed to occur 
by the H2 formed from Ore M-BA composite as shown in Fig. 4.12. Further, metallic 
iron formed may give a catalyzing effect on the carbon gasification reaction. Lowering 
the temperature of metallic iron formation in composite will accelerate the gasification 
of fixed carbon and promote the reduction of iron oxide.  
Such Temperatures where reduction degree for Ore M-BA800 composite reached 
30% are higher than 900
o
C even under 3.0MPa. It is reasonable that metallic iron 
formation temperature in Ore M-BA800 composite decrease with increase in pressure. 
Because under 3.0MPa the gasification of fixed carbon will not be suppressed by the 
equilibrium of Boudouard reaction even there was little volatile matter in BA800.The 
effect of pressure on the temperature where the reduction degree reached 70% for Ore 
M-BA and Ore M-BA800 seemed to be similar. But the reduction temperatures of Ore 
M-BA composites are clearly lower than those for Ore M-BA800 composites under all 
pressures.  
The contributions of H2 and CO on reduction of iron oxide in Ore M-BA 
composite were carried out using gas composition analysis under different pressures and 
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the results are shown in Fig. 4.15. For the case of Ore M-BA composite heated up to 
800
o
C, the contribution of CO on reduction degree increased with increase in pressure. 
At such temperature below 800
o
C, the CO mainly formed by the decomposition of 
volatile matter. Further, even the CO generated by gasification of fixed carbon at such 
temperature range was also caused by the generation of CO2 formed in volatile matter 
decomposition. The contribution of H2 on reduction degree is nearly 2% under 0.1MPa 
and such value increased to approximately 5% under 3.0MPa. As mentioned before (Ref. 
Fig. 4.11), reduction degree of Ore M-BA composite cannot reached 30% by reduction 
of CO generated from fixed carbon gasification at 800
o
C due to suppression of the 
equilibrium of Boudouard reaction. However, associate the reduction by CO and H2 that 
from volatile matter, reduction degree of Ore M-BA composite can reach 30% under 
3.0MPa at such lower temperature. The contribution of H2 on reduction degree seems 
increase with increases in temperature and pressure. Up to higher temperature, the 
proportion of contribution by H2 decreased since the reduction proceeded by CO formed 
from fixed carbon gasification. 
Figure 4.16 shows the microstructures of Ore M-BA composite obtained under 
different pressures after heating up to 850 and 1000
o
C. The white phase is metallic iron 
and the gray phase is wustite. The light gray phase with small pores is residual biomass 
charcoal, BA. Except for the condition heating up to 850
o
C under 0.1MPa, metallic iron 
phase was observed with wustite phase in other cases. In the cases of M-BA composite 
heating up to 850 and 1000
o
C, the amount of metallic iron phase increased with 
increasing pressure. On the contrary, less amount of BA particles were remained at 
higher temperature and under higher pressure. Figure 4.17 shows the XRD patterns of 
Ore M-BA composites after heated up to 950
o
C under different pressures. Comparison 
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in peaks attributed to metallic iron and wustite, the amount of peaks attributed to wustite 
decreased with increase in pressure. This implies that the amount of wustite decrease, in 
other words, the amount of metallic formation is larger under higher pressure. The 
results of microstructure observation and XRD scanning agreed well with the trends of 
the gasification and reduction degrees shown in Fig. 4.9 and 4.10. 
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Fig. 4.8 Changes in weight loss fractions of Ore M-BA, Ore M-BA800 and 
Ore M-G composites with temperature under different pressures. 
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Fig. 4.9 Changes in the gasification degrees of Ore M-BA and Ore 
M-BA800 composites with temperature observed under different pressures. 
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Fig. 4.10 Changes in the reduction degrees of Ore M-BA and Ore 
M-BA800 composites with temperature obtained under different pressures. 
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Fig. 4.11 Changes in CO/(CO+CO2) in outlet gas generated from the Ore 
M-BA composite with temperature in the phase diagram of the Fe-O 
system. 
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Fig. 4.12 Changes in H2/(H2+H2O) in outlet gas generated from the Ore 
M-BA composite with temperature in the phase diagram of the Fe-O 
system. 
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Fig. 4.13 Changes in reduction and gasification degrees of Ore M-BA and 
Ore M-BA800 composites with pressure at 700
o
C. 
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Fig. 4.14 Relation between the temperature where the reduction degree of 
the Ore M-BA and Ore M-BA800 composites reached 30% or 70% and 
pressure. 
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Fig. 4.15 Contributions of H2 and CO on the reduction of Ore M-BA 
composites heated up to 800, 900 and 100
o
C under different pressures. 
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Fig. 4.16 Microstructures of M-BA composites obtained under different 
pressures after heating up to 850 and 1000
o
C. 
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Fig. 4.17 XRD patterns of Ore M-BA composite after heated up to 950
o
C 
under 0.1, 1.0 and 3.0MPa.  
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4.4 Conclusions 
The gas generation behavior of the composites prepared by Al2O3 reagent and BA, 
and the gasification and reduction behaviors of the composites prepared by using Ore M, 
BA, BA800 and graphite reagent were examined under various pressures at a heating 
rate of 10
o
C/min. The following results were obtained: 
 
1) Increasing pressure leads to suppression of decomposition of volatile matter at 
lower temperature and shift to a higher temperature range. The cumulative amounts of 
reducing gases (H2 and CO) decomposed from volatile matter are larger under higher 
pressure. Such reducing gases generated at higher temperature by the decomposition of 
volatile matters promote the reduction of iron oxides. 
 
2) Compare to Ore M-Graphite composite, reaction temperatures of M-BA and 
M-BA800 composites are significantly lower under all pressures. Reduction and 
gasification degrees of composites increased with increasing pressure when biomass 
charcoals are used for the composite.  
 
3) Temperature where CO/(CO+CO2) in the outlet gas formed from Ore M-BA 
composite reached to the equilibrium boundary line between wustite and metallic iron 
seems to be lowered by increasing pressure from 0.1 to 1.0MPa and such temperature 
becomes higher under 3.0MPa due to suppression of Boudouard reaction. However, 
temperature where H2/(H2+H2O) reached to its equilibrium boundary line between 
wustite and metallic iron significantly decreased with increasing pressure. It suggests 
that reduction of iron oxide by H2 is promoted at lower temperature under higher 
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pressure. 
 
4) Increasing in pressure leads to decrease in the starting temperature of metallic 
iron formation in composite. Such temperature decreased to approximately 800
o
C under 
3.0MPa in the case of Ore M-BA composite, while the contribution of H2 on the 
reduction degree played an important role in the initial reduction of iron ore in the 
composite. 
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Chapter 5. Reduction behaviors of iron ore-carbon composites 
prepared by iron ore with high combined water content 
When carbonaceous material used in the composite was changed from graphite 
reagent to biomass charcoals, a significant decrease in reaction temperature was 
observed as described in Chapter 4. The reducing gases decomposed from volatile 
matter seem to affect the reduction reaction at lower temperature. Further, an increase in 
pressure promotes the reduction since the reducing gases formed at relatively higher 
temperature effectively react with iron oxides.  
The iron oxide examined in Chapter 4 is a hard hematite ore which has a small 
initial specific surface area (Ref. Fig. 2.7 in Chapter 2). It is well-known that the 
goethite (FeOOH) ore, which contains a large amount of combined water, has a large 
specific surface area after the dehydration. Dehydration of goethite ore is interesting 
phenomena since it produce many nano-pores and nano-cracks within the ore and these 
will give an advantage to the reduction of iron oxide. Dehydration reaction of goethite 
ore is shown as Eq. (5-1), which mainly takes place at the temperature up to 450
o
C. 62,81)  
 
      2FeOOH = Fe2O3 + H2O          (5-1) 
 
Further, effective utilization of such ores will be able to solve the problem in the 
iron and steel industry on the overuse and depletion of high-grade iron ore resources.  
Pore structure is depended on both the mineral properties of ores and dehydration 
process. In higher temperature, the formed pores and/or cracks will coalesce together 
and therefore pore structure will be changed by sintering phenomenon. 61,62) The 
coalescence of small pores will lead to the formation of larger pores and decreases the 
specific surface area. 66,82)   
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In this chapter, considering the advantage of larger surface area of such ores on the 
reduction reaction, iron ores containing a large amount of combined water, iron ores P 
and R, were chosen and composite samples were prepared.  
5.1 Change in specific surface area of iron ores due to dehydration 
reaction 
5.1.1 Effect of pressure on the dehydration phenomenon of combined water 
Dehydration behaviors and change in specific surface area of Ores P and R were 
firstly examined under different temperature. The experiment parameters can be referred 
to Table 2.3 in Chapter 2. In order to investigate the dehydration reaction under different 
pressures, composites of Ore P-Al2O3 and Ore R-Al2O3 were prepared. The volume 
fraction of Al2O3 in these composites was set as same as that of biomass charcoal in the 
composite of Ore P-BA and Ore R-BA, respectively. These composites were set in the 
high pressure reaction furnace and heated up to 800
o
C under 0.1 and 1.0MPa. The 
generation rate of water vapor was obtained by measuring H2O concentration and flow 
rate of outlet gas. 
Figure 5.1 shows the changes in generation rate of H2O vapor with temperature 
under 0.1 and 1.0MPa. In these cases, heating rate was set at 10
o
C/min. Water vapor 
started to generate at approximately 250
o
C for all the cases. In the case of Ore P-Al2O3 
composite, generation rate of H2O rapidly increased from 250
o
C and reached to the 
maximum value at nearly 360
o
C under 0.1MPa. When pressure increased to 1.0MPa, 
temperatures showing a rapid increase and the maximum value shift to higher 
temperature by about 40
o
C. The dehydration reaction of Ore P seems to be suppressed 
under higher pressure since it is a gas forming reaction. Such effect of pressure on 
dehydration was also observed for Ore R-Al2O3 composite although the generation rates 
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are much larger than Ore P-Al2O3 composite. It agrees well with the composition data 
of the ores shown in Fig. 2.4, in Chapter 2. 
5.1.2 Effect of pressure on the changes in specific surface area of iron ores 
As mentioned before, formation of pores/cracks during the decomposition of 
combined water contained in the iron ores causes increase in the specific surface area of 
the ores. In this study, Ores P and R were heated up to 500
o
C under N2 atmosphere 
under 0.1, 1.0 and 3.0MPa in the high pressure reaction vessel. After the heating 
treatment, the changes in the weight and of specific surface area of ore samples before 
and after experiment were measured.  
The relation between weight loss and specific surface area of the ores dehydrated 
under different pressures after heating up to 500 and 800
o
C is shown in Fig. 5.2. There 
was little change in weight loss and specific surface area of Ore M during thermal 
treatment. It is because Ore M contains little combined water. A linear relationship 
between weight loss and specific surface area of the ores was observed under 0.1MPa. 
For Ore P, both the weight loss and specific surface area decreased with an increase in 
pressure after heated up to 500
o
C. It suggests that the amount of residual combined 
water is increased with an increase in pressure. To clarify it, XRD measurements were 
performed to determine the mineral phases in Ore P obtained under different pressures. 
Figure 5.3 shows the XRD patterns of Ore P after dehydrated under 0.1, 1.0 and 3.0MPa. 
Goethite phases were observed in Ore P dehydrated under 1.0 and 3.0MPa. It implies 
that dehydration of ores is somewhat suppressed by increasing pressure. The similar 
effect of pressure was observed for Ore R. Further, the specific surface areas of Ores P 
and R dehydrated under 1.0 and 3.0MPa seem smaller than the slope of the relation 
obtained under 0.1MPa. There is a possibility that sintering of pores is promoted under 
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high pressure. As mentioned in Chapter 1, heat transfer around the ore particles may be 
enhanced by an increasing in pressure. It is reasonable to explain the effect of pressure 
on the coalescence of small pores of Ores P and R. Increasing pressure seems to lead to 
a small decrease in the specific surface area of Ores P and R after dehydration.  
In the case of Ores P and R heated up to 800
o
C, specific surface areas for both ores 
also decreased with increase in pressures. At relatively higher temperature range, the 
decrease in specific surface area is mainly due to the coalescence of small pores by 
thermal treatment. Decrease in specific surface of Ores P and R with increase in 
pressure is since the heat conduction under higher pressure is promoted. Further, 
comparing to the case heated up to 500
o
C, the extent of decrease in specific surface for 
Ore R is larger than that of Ore P at 800
o
C. The reason would be that the phase of Ore R 
is mainly the goethite while Ore P is goethite with hematite. The slope of specific 
surface areas of Ores P and R in case of 800
o
C became smaller than that case of 500
o
C. 
Even so, their specific surface areas are still much larger than that of Ore M. 
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Fig. 5.1 Changes in H2O generation rate for Ore R-Al2O3 and Ore P-Al2O3 
composites with temperature under 0.1 and 1.0 MPa. 
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Fig. 5.2 Relation between weight loss and specific surface area of Ores M, 
P and M dehydrated under different pressures after heating to 500 and 
800
o
C. 
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Fig. 5.3 XRD patterns of Ore P after dehydration under 0.1, 1.0 and 
3.0MPa. 
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5.2 Effect of ore type on the reaction behaviors of their composites 
5.2.1 Gas generation behaviors of Ore P-BA and Ore R-BA composites  
Gas generation rate of Ore R-BA and Ore P-BA composites obtained under 
0.1MPa were shown in Fig. 5.4. 
The maximum value of H2O generation rate was observed at approximately 350 
and 380
o
C for Ores R-BA and P-BA composites, respectively. It is due to the 
dehydration of combined water in the ores. It is noteworthy that the generation rate of 
CO2 from Ore R-BA composite at the temperature range from 300 to 700
o
C was higher 
than that of Ore P-BA composite. At such temperature, the dehydration of combined 
water in the ores also occurred and therefore their specific surface area is increased. It 
can be deduced that the larger specific surface area of dehydrated Ore R gives the 
higher generation rate of CO2 from Ore R-BA composite at such a temperature range. 
There is a possibility that utilization of CO from decomposition of volatile matter was 
promoted due to larger reduction sites of iron oxide. Above 700
o
C, generation rate of 
CO stated to increase mainly due to the gasification of fixed carbon. 
Generation rate of H2 from Ore R-BA composite was lower than that of Ore P-BA 
above 750
o
C, although the generation rate of H2O was higher. It may be because the 
utilization of H2 in the reduction of iron oxide for Ore R-BA composite is higher than 
that for Ore P-BA composite due to a larger reaction surface area.  
5.2.2 Effect of ore type on the reaction behavior of composite under different 
pressures 
Generation rates of (CO+CO2) from Ore M-BA, Ore R-BA and Ore P-BA 
composites were compared to examine the influence of specific surface area of ores 
after dehydration. Figure 5.5 shows the changes in generation rates of (CO+CO2) from 
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the composites with temperature under 0.1and 1.0MPa. 
Under 0.1MPa, generation rate of (CO+CO2) are different among different ore 
types at the temperature range from 300 to 680
o
C. It was higher for Ore R-BA and 
Ore P-BA composites than that for Ore M-BA composite. It suggests that larger amount 
of carbon was reacted when using composites prepared using ore containing combined 
water. Larger surface area of such ores after dehydration will promote the oxidation of 
reducing gases formed from volatile matters. Simultaneously, reduction of such ores 
was promoted by the formed reducing gas. 63,64,65) On the contrary, there are no 
significant differences in generation rate of (CO+CO2) from the composites over 700
o
C. 
Similar differences in generation rate of (CO+CO2) among the composites were 
observed under 1.0MPa at the temperature range from 400 to 700
o
C. Above 700
o
C, 
however, faster generation rate of (CO+CO2) from Ore R-BA composite was observed 
than those from Ore M-BA and Ore P-BA composites. The generation of (CO+CO2) 
above 700
o
C is mainly due to the gasification of fixed carbon in BA. For the coupling 
reactions of carbon gasification and iron oxide reduction in the composite, larger 
specific surface of iron ore means more reaction sites for the reduction of iron oxide. 
The reaction sites for gasification of carbon in biomass charcoal BA are also large due 
to its porous structure. Therefore, it suggests that larger specific surface of iron ores 
possibly gives faster reaction rate of fixed carbon.  
Generation rates of (CO+CO2) from Ore P-BA and Ore R-BA composites under 
0.1 and 1.0MPa are compared in Fig. 5.6. In a relatively lower temperature range 
between 200 and 500
o
C, they were suppressed with increasing pressure for the both 
composites. It is a similar result to the case of Ore M-BA composite (see Fig. 4.6 in 
Chapter 4). Above 700
o
C, generation rates of (CO+CO2) in R-BA and P-BA composites 
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under 1.0MPa rapidly increased and were higher than that under 0.1MPa. At such 
temperature the generation of (CO+CO2) is most likely due to the gasification of fixed 
carbon. From the examination results of change in specific surface area of Ores P and R 
with pressure at higher temperature range, as shown in Fig.5.2, increase in pressure led 
to decrease in surface area for both ores particles due to the coalescence of small pores. 
It seems the amount of reduction sites of iron oxide in the composite was decrease while 
increased pressure. However, the reduction of iron oxide in the small pores will form 
cracks.63,64,65) The reduction of Ores P and R in composite would not be limited by the 
coalescence of small pores. Further, increasing pressure may strengthen the diffusion of 
reducing gases in some smaller pores or cracks since the mean molecule free path of 
gases decrease under higher pressure.
99)
 Therefore, increase in pressure led to increase 
in gasification rate of fixed carbon since reduction reaction was promoted (coupling 
reactions) in the composites. 
For Ores R and P-BA composites, the generation rate of H2O included the 
dehydration of combined water and the H2O generated from the reduction by H2. Figure 
5.7 shows the comparison of H2O generation rate of Ore R-BA and Ore R-Al2O3 
composites under 0.1MPa and 1.0MPa. The gray area was mainly difference of H2O 
generation rate between Ore R-BA and Ore R-Al2O3 composites. The generation H2O in 
this area was most likely due to the reduction of iron oxide by H2 in Ore R-BA 
composite. The reduction by H2 in Ore R-BA composite was observed under both 0.1 
and 1.0MPa. Similar phenomenon also was obtained in Ore P-BA composite. The 
contribution of H2 on reduction of iron ore was carried out and discussed later. 
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Fig. 5.4 Changes in generation rates of gases from Ore R-BA and Ore P-BA 
composites with temperature under 0.1MPa. 
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Fig. 5.5 Changes in generation rates of (CO+CO2) from Ore M-BA, Ore 
R-BA and Ore P-BA composites with temperature under 0.1and 1.0MPa. 
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Fig. 5.6 Changes in generation rates of (CO+CO2) from Ore P-BA and Ore 
R-BA composites under 0.1 and 1.0MPa 
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Fig. 5.7 Comparison of H2O generation rate of Ore R-BA and Ore R-Al2O3 
composites under 0.1MPa and 1.0MPa. 
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5.3 Effect of pressure on the gasification and reduction degrees of Ore 
P-BA and Ore R-BA composites 
5.3.1 Gasification and reduction degrees of composite under different pressures 
Changes in the reduction and gasification degrees of Ore M-BA, Ore P-BA and 
Ore R-BA composites with temperature under 0.1 and 1.0MPa are shown in Figs. 5.8 
and 5.9, respectively. Under 0.1MPa, the reduction degree of Ore R-BA and Ore P-BA 
composites were higher than that of Ore M-BA composite when temperature was below 
1000
o
C. The gasification degree appears to show a similar trend. The different reduction 
degree among these composites is most likely due to the different specific surface area 
of the ores. The larger specific surface of Ore R after dehydrated than Ore P may cause 
the higher reduction degree of Ore R-BA was than Ore P-BA composite. 
In contrast, the reduction and gasification degrees of Ore R-BA and Ore P-BA 
composites were increased when pressure increased to 1.0MPa. Under 1.0MPa, Ore 
R-BA composite also showed higher reduction and gasification degrees than those of 
Ore P-BA and Ore M-BA composites. Reduction degree of P-BA and M-BA composites 
became close while temperature increased above approximately 900
o
C. Such 
phenomenon was also observed at approximately 1000
o
C under 0.1MPa. However, this 
phenomenon was not observed in the case of Ore R-BA composite under 1.0MPa. 
The microstructures of cross sections of Ore M-BA, Ore P-BA and Ore R-BA 
composites heated at 1000
o
C under 1.0MPa are shown in Fig. 5.10. In the Ore-M 
composite, metallic iron formed on the layer of ore M particle. In Ore P-BA composite, 
metallic iron was observed around and inside the particle. The metallic iron formed 
inside the ore P particle is most likely due to the pores formed after the dehydration of 
combined water. For, R-BA composite, metallic iron formed inside the particle also was 
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observed. However, the amount of metallic iron formed inside the particle in ore R was 
more than in ore P. It is would be due to the amount of pores in ore R is more than ore P. 
Further, Reducing gases diffused into the small pores in Ores P and R particles, the 
chance of collision between gas molecules and pore wall is much larger than that in the 
macro-cracks in Ore M formed after reactions.
99)
 Further, increasing pressure may 
strengthen the diffusion of reducing gases in some smaller pores or cracks. The 
reduction rates of iron oxide in Ores P-BA and Ore R-BA were faster than Ore-BA 
composite.  
In order to clarify the effect of the pressures on the reduction reaction of iron ores, 
the relation between pressure and temperature where the reduction degrees of Ore 
M-BA, Ore P-BA and Ore R-BA composites reached to 30% and 70% was shown in Fig. 
5.11. As described in Chapter 4, reduction degree of 30% indicates the beginning stage 
of metallic iron formation in the composite. The temperatures where metallic iron starts 
to form in Ore R-BA and Ore P-BA composites were approximately 20 and 10
o
C lower 
than that in Ore M-BA composite under both 0.1 and 1.0MPa, respectively. It is likely 
due to the larger surface area of Ores P and R than Ore M. With an increase in pressure 
from 0.1 to 1.0MPa, such temperature was lowered about 50
 
and 60
o
C in Ore P-BA and 
Ore R-BA composites, respectively. Under 3.0MPa, even through the temperatures of 
Ore P-BA and Ore R-BA composites became lower than those under 1.0MPa, the 
differences among these three composites became smaller. There is a possibility that 
mass transport in dense wustite in Ores P and R particles control the total reduction rate 
due to the large particle size. The effect of pressure on the temperature where the 
reduction degree reaches to 70% for Ore P-BA and Ore R-BA composites shows a 
similar trend although its extent decreases due to decreasing the differences of their 
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surface areas.  
5.3.2 Effect of pressure on reduction by volatile matters in Ore P-BA and Ore 
R-BA composites 
Figures 5.12 and 5.13 show the contribution of H2 and CO on the reduction 
degrees of Ore P-BA and Ore R-BA composites heated up to different temperature as 
function of pressure. Below 800
o
C, reduction of iron oxide mainly proceeded by the 
volatile matters. Compare with the case of Ore M-BA composite (Fig. 4.15, in chapter 
4), contribution of H2 on reduction degree for Ore P-BA and Ore R-BA composites are 
both increased under all pressures. It is not only because the larger specific surface area 
of Ores P and R than Ore M supplied large amount of reduction sites, but also due to the 
small pores in Ores P and R disposed the tar carbonization and reduced the iron oxide 
simultaneously. Further, Increase in pressure led to strengthening the diffusion of 
reducing gases in the small pores of Ores P and R particles. The utilization rate of 
volatile matters on reduction of iron oxide seems to increase while use Ores P and R 
which content large amount of combined water. The values for Ore R-BA composite 
were larger than that of Ore P-BA composite since the larger specific surface area of 
Ore R.  
With increase in temperature, contributions of H2 on the reduction degree of Ore 
P-BA and Ore R-BA composites were continuous increase. However, under 3.0MPa, 
differences of reduction degree among these three Ores- BA composites became smaller. 
It is probably due to the mass transport in Ores P and R particles controlled the reaction 
rate. But the contribution of H2 on reduction for Ores P and R composites were still 
larger than Ore M-BA composite. The reason would be the tar carbonization in Ores P 
and R composites supplied extra H2 gas. 
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Fig. 5.8 Changes in reduction degrees of Ore M-BA, Ore P-BA and Ore 
R-BA composites with temperature under 0.1 and 1.0MPa. 
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Fig. 5.9 Changes in gasification degrees of Ore M-BA, Ore P-BA and Ore 
R-BA composites with temperature under 0.1 and 1.0MPa. 
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Fig. 5.10 Microstructures of cross sections of Ore M-BA, Ore P-BA and 
Ore R-BA composites heated up to 1000
o
C under 1.0MPa. 
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Fig. 5.11 Relation between pressure and temperatures where the reduction 
degrees of Ore M-BA, Ore P-BA and ore R-BA composites reached to 30% 
and 70%. 
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Fig. 5.12 Contributions of H2 and CO on the reduction of Ore P-BA 
composites heated up to 800, 900 and 1000
o
C under different pressures. 
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Fig. 5.13 Contributions of H2 and CO on the reduction of Ore R-BA 
composites heated up to 800, 900 and 1000
o
C under different pressures. 
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5.4 Conclusions  
In order to evaluate the possibility of the iron ores containing a large amount of 
combined water on the promotion of reduction reaction in the composites, Ores P and R 
were used for the preparation of the composites. The effect of pressure on the 
dehydration behaviors of such ores and change in their specific surface areas were 
examined. Further, the reduction experiments of the composites prepared using such 
ores were carried out and the following results were obtained: 
 
1) Dehydration of combined water in Ores P and R supply large specific surface 
area. However, dehydration was suppressed with an increase in pressure. Heating the 
ores up to 500
o
C, residual amount of goethite phase in the ores increases while specific 
surface area decreases with increasing pressure. Further, specific surface area decreases 
at higher temperature and under higher pressure due to coalescence of small pores.  
 
2) The small pores in Ores P and R dispose tar carbonization and produce more 
reducing gases simultaneously. Utilization rate of volatile matters on reduction increases 
with increase in pressure in Ores P and R composites. Especially, contribution of H2 on 
reduction for Ores P and R composites is larger than that of Ore M-BA composite under 
all pressures.  
 
3) Use of Ores P and R, which contains larger amount of combined water, leads to 
lower the metallic iron formation temperature in composite. Such temperatures are 
lowered to approximately 790 and 780
o
C for Ore P-BA and Ore R-BA composites under 
3.0MPa, respectively. 
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4) Increasing pressure leads to increasing the gasification and reduction reactions 
for Ore P-BA and Ore R-BA composites. However, under 3.0MPa, differences of 
reduction degree among Ores M, P and R-BA composites become smaller. It is probably 
due to the mass transport in dense wustite controls the total reaction rate in Ores P and R 
particles.  
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Chapter 6.  Effect of mixed-grinding preparation of raw materials 
on carbothermic reduction of composite under high 
pressure  
As described in chapters 4 and 5, uses of biomass charcoal and iron ores with large 
amount of combined water significantly lower the reaction temperature of iron 
ore-carbon composite under higher pressure. However, such effects seem to be limited 
since predominant process for rate determining step will change to mass transport in the 
particles. Further, the effects of mixing and existing states of raw materials are still 
unknown.  
As several researchers have been pointed out, particle size distribution of raw 
materials and contact state between iron oxide and carbon particles are important factors 
for the carbothermic reduction reaction of iron oxide-carbon composite. They also 
stated that: decrease in particle size leads to higher reaction rate, mixed-grinding of iron 
oxide and carbonaceous materials also influence the reaction significantly 
67,68,72,90,99,100,101)
 However, details on the gasification and reduction reactions have not 
been examined yet. Both the decrease in the particle size and the mixed grinding will 
increase the number of contact points between iron oxide and carbon particles. It will 
promote the direct reduction reaction between iron oxide and carbon in the initial stage. 
However, the effect of pressure increase is not very clear since the succeeding reactions 
are gaseous reactions involving CO, CO2 and so on.   
In this chapter, experimental results and its discussions are described for the 
composite prepared applying mixed-ground materials. A planetary ball mill which is 
classified as an intensive grinder is used for preparation of raw materials. 
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6.1 Mixed-grinding preparation of raw materials for composite  
6.1.1 Raw materials 
Hard hematite Ore M and goethite Ore R were used as iron oxide samples. 
Biomass charcoal BA was employed as carbonaceous material. Chemical compositions 
of iron ores and proximate analyses of carbonaceous material are listed in Tables 2.1 
and 2.2 (in Chapter 2), respectively. The original size for iron ores particle size and 
biomass char BA are 44~100μm and 53~150μm, respectively. Both the particles are 
original fine powder state as used in previous chapters. Therefore, the results obtained 
in previous can be used to compare with composite samples that treated by mixed 
ground. 
6.1.2 Mixed-grinding operation for raw materials 
Figure 6.1 shows the mixed-grinding procedure for composite materials. 
Carbonaceous material and iron ore samples were preliminary mixed for 15min with 
mixing ratio (C/O = 0.8) same as before. In order to prevent the breakdown of particles 
during mixing, a spatula made of acrylonitrile- butadiene- styrene resin was used. After 
well mixed, 20g of the obtained mixture were charged with seven zirconia (ZrO2) balls 
of 15mm diameter into a zirconia pot of 50cm
3
 inner volume. Two pots were set to the 
planetary mill and its rotational speed was maintained constant at 700 rpm. Total milling 
time was varied from 30 to 60min and the grinding was interrupted for 30min after 
every 15min in order to prevent the temperature of samples from excessive increasing. 
6.1.3 Evaluation of mixed-ground mixtures 
The iron ores samples before mixed-ground and mixtures after mixed-ground 
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treatment were subjected to measurements of XRD pattern and SEM observations. The 
XRD profiles for the Ore M, Ore R and BA mixtures mixed-ground by planetary ball 
mill for different time are shown in Fig.6.2 and 6.3, respectively. For the Ore M and BA 
mixture with mixed-ground, distribution of peaks attributed to hematite changes slightly 
with an increase in grinding time. The iron phase in Ore M keeps the same and no 
magnetite phase was observed after mixed ground. It implies that no reactions occurred 
during mixed-grinding operation. The slight decrease in height of hematite peaks 
ground from 30min to 60min may be caused by a decrease in particle size. For the case 
of Ore R and BA mixture, distribution of peaks attributed to goethite and hematite also 
did not change with an increase in grinding time. The iron phase in Ore R as goethite 
and hematite also kept the same. It implies that no reduction of iron oxide or 
dehydration of goethite took place during mixed-grinding operation.   
The SEM observation for these mixtures after mixed-ground for 60min is shown in 
Fig. 6.4. For Ore M and BA observation, the light particles are BA and dark particles are 
Ore M particles. Both particle sizes of iron ore and carbonaceous materials after 
mixed-ground are remarkably decreased. For some relatively larger size particles, it 
seems the Ore M and BA composed together. At the same time, this implies that 
interface area between Ore M and BA particles increases with apparent size reduction. 
Mixture of Ore R and BA shows a similar decrease in particle size and agglomerated 
behaviors was observed after mixed-grinding operation for 60min.  
6.1.4 Reduction under high pressure 
After the desired time intervals, mixed-ground mixture was pressure-shaped to 
composite samples for the reduction reactions under different pressures (details refer 
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Chapter 2). During experiment, outlet gas composition was measured by gas 
chromatography and infrared analyzer. After experiment, the reduced composite 
samples were subjected to measurement of weight change and optical observations. 
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Fig. 6.1 Mixed-grinding procedure for composite materials. 
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Fig. 6.2 XRD profiles of original and mixed-ground samples of Ore M and 
BA mixture. 
 
  
162 
 
 
 
 
 
Fig. 6.3 XRD profiles of original and mixed-ground samples of Ore R and 
BA mixture. 
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Fig. 6.4 SEM observations of Ores M and R mixtures after mixed-ground 
for 60min. 
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6.2 Reaction behaviors of mixed-ground composite under 
atmospheric pressure  
6.2.1 Effect of mixed-grinding operation on gas generation behaviors of Ore M-BA 
composites 
Figure 6.5 shows the changes in generation rates of CO and CO2 with temperature 
for composite of Ore M and BA mixture after mixed-ground by planetary ball mill for 
different time. At temperature range of 400 to 700
o
C, generation rate of CO2 for 
composite of Ore M and BA mixtures after mixed ground for 30 and 60min became 
higher than that of composite without mixed ground treatment. It probably implies that 
the amounts of CO2 formed from reduction of iron oxide by CO or decomposition of 
volatile matter increased. The reason would be that catalytic effect of small size iron ore 
particles on the decomposition of tar occurs.
102) 
Above approximately 800
o
C, generation 
rate of CO for composites of mixed ground became higher than that composite without 
mixed ground. Further, generation rate of CO2 for mixed ground composites became 
higher than that composite without mixed ground while temperature was above 900
o
C. 
At such temperature, CO and CO2 formed mainly due to the gasification of fixed carbon. 
The gasification rates of composites by mixed ground became faster. Simultaneously, 
reduction reaction rate of iron oxide by CO was also increased. 
6.2.2 Effect of mixed-grinding operation on reduction of Ore M-BA composites 
The changes in reduction degree and CO/(CO+CO2) in outlet gas generated from 
Ore M and BA composites by different mixed-grinding time with temperature in the 
phase diagram of Fe-O system are shown in Fig.6.6. The CO/(CO+CO2) and reduction 
degree were estimated using outlet gas composition analysis. Above approximately 
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450
o
C, reduction degree for composites of Ore M and BA mixtures with mixed-grinding 
treatment became higher than that of composite without ground. Such value for the 
mixed ground composites was higher with longer mixed ground time above 800
o
C. The 
CO ratio for composite without mixed ground reached boundary line of FeO and Fe at 
approximately 900
o
C while its reduction degree was approximately 30%. It indicates 
that metallic iron started to form in the composite. However, such temperatures of CO 
ratio reached boundary line of FeO and Fe for mixed ground composites were also close 
to 900
 o
C while their reduction degrees were nearly 40%. The extra increase in 
reduction degree for mixed ground may be attributed to the reduction by the extra 
reducing gases generated from volatile matter at relatively lower temperature range (ref. 
Fig. 6.5). Further, the difference in reduction degrees between composites after mixed 
ground 60min and 30min became larger above 800
o
C. It is agreed with the generation 
rate of CO and CO2 as shown in Fig. 6.5.  
Mixed ground of Ore and BA mixture allowed an increase in both particle size of 
Ore M and BA as well as an increase in the number of contact points between both 
particles. However, the effect of mixed ground for Ore M and BA mixture on change in 
CO generation rate was not so obvious. The amount of CO generation caused by the 
direct reduction (C + FeO = Fe + CO) in the composite may be small. The reduction of 
iron oxide in Ore M and BA composite was mainly caused by the indirect reduction 
reaction.    
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Fig. 6.5 Changes in generation rates of CO and CO2 with temperature for 
Ore M-BA composites by different mixed ground times under 0.1MPa. 
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Fig. 6.6 Changes in reduction degree and CO/(CO+CO2) in outlet gas 
generated from Ore M and BA composites by different mixed ground time 
with temperature under 0.1MPa drawn on the phase diagram of Fe-O 
system. 
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6.3 Effect of pressure on reactions behaviors of mixed-ground 
composite  
6.3.1 Effect of pressure on gas generation behaviors of mixed-ground Ore M-BA 
composites 
Composites of Ore M and BA mixtures after mixed ground for 30 and 60min were 
reacted under higher pressures of 1.0 and 3.0MPa, respectively. Figure 6.7 shows the 
generation rate of gases with temperature for composite of Ore M and BA mixtures 
mixed ground 30min under 0.1 and 1.0MPa. CO2 and H2O started to generate at 
approximately 200
o
C for both pressures due to the decomposition of volatile matter. 
Three local peaks of CO2 generation rate were observed for composite under 0.1 and 
1.0MPa. However, temperature of these peaks for composite under 1.0MPa was slightly 
lower than that under 0.1MPa. Generation rate of CO2 under 1.0MPa became higher 
while temperature was above 700
o
C. Further, the generation rate of H2O under 1.0MPa 
was also higher. CO and H2 sequentially generated from the composite under 0.1 and 
1.0Ma at approximately 400 and 500
o
C, respectively. Above 700
o
C, generation rate of 
H2 under 1.0MPa continuously increase and remarkable higher than that of under 
0.1MPa. Maximum generation rate of CO and CO2 were observed at approximately 
1030
o
C under 0.1MPa while such temperature decreased to approximately 1000
o
C 
under higher pressure of 1.0MPa. Such decrease in this temperature is similar to that of 
Ore M-BA composite without mixed ground (Ref. Chapter 4).  
The generation rates of (H2+H2O) and (CO+CO2) for composite of mixed ground 
30min under 0.1, 1.0 and 3.0MPa are shown in Fig. 6.8. Below 500
o
C, generation rate 
of (H2+H2O) under 1.0 and 3.0MPa was lower than that of under 0.1MPa. However, the 
slope for (H2+H2O) under 1.0 and 3.0MPa became larger at above 520
o
C. Further, 
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above 700
o
C, the generation rate of (H2+H2O) under 3.0MPa became higher than that 
under 1.0MPa. These phenomena probably indicate that increase in pressure lead to 
increase in the amount of H2 decomposed from BA. The potential contribution of H2 on 
reduction of iron oxide would increase with increase in pressure. Generation rate of 
(CO+CO2), under 1.0MPa was slightly lower than 0.1MPa at the temperature below 
700
o
C. However, it became larger above 700
o
C. It suggests that the gasification and 
reduction reactions of M-BA composite proceeded faster under higher pressures. Further, 
the generation rate of (CO+CO2) under 3.0MPa was higher than those under others 
pressures. However, generation rate seems to be retarded at approximately 900
o
C. It is 
probable that the gasification of fixed carbon was suppressed by the equilibrium of 
Boudouard reaction at such temperature under 3.0MPa. Above such temperature, 
generation rate dramatically increased again. Similar trend was observed for generation 
rates of (H2+H2O) and (CO+CO2) for composite of mixed ground 60min under 0.1, 1.0 
and 3.0MPa as shown in Fig. 6.9. The generation rate of (H2+H2O) for composite mixed 
ground for 60min seems slightly higher than that of composite mixed ground for 30min 
under 1.0 and 3.0MPa. 
6.3.2 Effect of pressure on reduction of ground Ore M-BA composites 
Changes in reduction degree, H2/(H2+H2O) and CO/(CO+CO2) for composites of 
mixed ground 30min with temperature under 0.1, 1.0 and 3.0MPa is shown in Fig. 6.10. 
These values were estimated using outlet gas composition analysis. In Fe-O system of 
iron oxide reduced by CO gas, temperature at where the CO/(CO+CO2) reached 
boundary line of FeO and Fe decreased while pressure increased from 0.1 to 1.0MPa. 
However, such temperature became higher under 3.0MPa since the CO/(CO+CO2) 
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would be suppressed by the equilibrium line of Boudouard reaction. In Fe-O system of 
iron oxide reduced by H2 gas, temperature at where the H2/(H2+H2O) reached the 
boundary of FeO and Fe significantly decreased with increase in pressure. It suggests 
that reduction of iron oxide by H2 gas probably occurs at relatively lower temperature. 
The reduction degrees estimated using gas composition for composites increased with 
increase in pressure. Temperature at where reduction degree reached 30% decreased 
from approximately 890 to 780
o
C while pressure increased from 0.1 to 3.0MPa.  
The relation between pressures and temperature where the reduction degree for 
composites of Ore M and BA mixed ground different time reached 30% and 70% is 
shown in Fig. 6.11 to clarify the effect of the pressures on the reduction reaction. 
Reduction degree of 30% is corresponding to the beginning stage of metallic iron 
formation in the composite. The temperatures where metallic iron starting to form in all 
composites decreased with increase in pressure. Further, increase in mixed ground time 
for composite under all pressures also lowered such temperature. Similar trend was 
observed for the case of reduction degree reached 70%.  
The optical observation for composite of Ore M and BA mixture without mixed 
ground and mixed ground 60min heated up to 850
o
C under 1.0MPa is shown in Fig. 
6.12. Metallic iron phase was observed in the mixed ground composite while no 
metallic iron was obtained in composite that without mixed ground. Both particle sizes 
of Ore M and BA significantly decreased by mixed ground treatment. Ghosh et al
103-105)
 
indicated that gasification of carbonaceous materials dominantly control the reaction of 
iron ore-carbon composite. Larger particle size of carbonaceous materials and iron ore 
would also slow down the gasification and reduction rate. Decrease in particles size of 
raw materials may lead to increase in gasification rate of carbonaceous material and 
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reduction rate of iron oxide, simultaneously. Increase in gasification rate of BA with 
increasing mixed ground time was observed in this study and it agrees well with these 
previous studies. Further, they also mentioned that gasification reaction is also likely be 
affected by mass transfer and heat transfer at higher temperature. For the mixed ground 
composite, limitation of heat transfer for in the particle and mass transfer of reaction 
gases between particles for the smaller size particles would be less. Increase in pressure 
will promote the heat conduction inside the composite and may retard the reactions 
gases diffusing out from the composite. Further promotions of heat and mass transfer 
for mixed ground composite under higher pressure may promote the carbothermic 
reduction.   
6.3.3 Effect of pressure on gasification and reduction behaviors of mixed-ground 
Ore R-BA composites 
Figure 6.13 shows the generation rate of (CO+CO2) for composite of Ore R and 
BA mixed-ground 60min under 0.1, 1.0 and 3.0MPa. Compare to the results for 
composite of Ore M and BA after mixed ground 60min (Ref. Fig. 6.9), a remarkable 
increase in generation rate of (CO+CO2) for ground composite of Ore R and BA 
mixture was observed while pressure increased from 0.1 to 1.0MPa. At relatively lower 
temperature range, the catalytic effect of small pores on tar carbonization may be 
promoted. At relatively higher temperature range, larger specific surface area of Ore R 
may promote the gasification reaction. Under 3.0MPa, generation rate of (CO+CO2) 
seems to be slowed at approximately 900
o
C. It is possible that the gasification of fixed 
carbon was suppressed by the equilibrium of Boudouard reaction. Above such 
temperature, the generation rate rapidly increased again. Further, the generation rates of 
(CO+CO2) for these ground composites under all pressures became faster than those of 
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without mixed ground composites (Ref.Fig.5.6, in Chapter 5). Figure 6.14 shows the 
optical observation for composite of Ore R and BA mixture without mixed ground and 
mixed ground 60min heated up to 850
o
C under 1.0MPa. Metallic iron was observed for 
both composites. However, the amount of metallic iron in mixed ground composite was 
larger. Both the particle sizes of BA and iron ore are very fine for the mixed ground 
composite. Even through Ore R owns larger specific surface area, the mass transport in 
particle may become a rate determining step while particle size is larger.  
Figure 6.15 shows the relation between the temperature where the reduction degree 
for composites of Ore M-G without mixed ground, Ore M-BA and Ore R-BA 
mixed-ground 0 and 60min reached 70% and pressures. The effect of pressure on 
lowering reduction temperature of composite was observed for all composites. Compare 
to Ore M and graphite composite, temperature at where reduction degree reached 70% 
for composite using biomass char BA significantly decreased under all pressures. In the 
case of mixed ground preparation for composites of Ore M-BA and Ore R-BA, further 
decrease in reduction temperature was observed. Compare to the case Ore M-G 
composite under 0.3MPa, temperature where reduction degree reached 70% for mixed 
ground Ore R-BA composite under 3.0MPa decreased approximately 250
o
C. Such 
remarkable decrease in reduction temperature would be attributed to the increase in 
pressure and mixed ground treatment. 
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Fig. 6.7 Changes in generation rate of gases with temperature for composite 
of Ore M and BA mixed ground for 30min under 0.1 and 1.0MPa. 
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Fig. 6.8 Changes in generation rate of gases with temperature for composite 
of Ore M and BA mixed ground for 30min under 0.1 and 1.0MPa. 
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Fig. 6.9 Changes in generation rate of gases with temperature for composite 
of Ore M and BA mixed ground for 60min under 0.1 and 1.0MPa. 
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Fig. 6.10 Changes in reduction degree, H2/(H2+H2O) and CO/(CO+CO2) 
for composite of mixed ground 60min with temperature under 0.1, 1.0 and 
3.0MPa. 
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Fig. 6.11 Relation between pressure and temperatures where the reduction 
degrees for composites of Ore M and BA mixed ground for different time 
reached to 30% and 70%. 
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Fig. 6.12 Microstructures for composite of Ore M and BA without 
mixed-grinding and mixed-grinding for 60min after heating up to 850
o
C 
under 1.0MPa. 
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Fig. 6.13 Microstructures for composite of Ore M and BA without mixed 
mixed-grinding and mixed-grinding for 60min after heated up to 850
o
C 
under 1.0MPa. 
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Fig. 6.14 Relation between pressure and temperatures where the reduction 
degrees for composites of Ore M-G, Ore M-BA (without mixed-grinding 
and mixed-grinding for 60min) and Ore R-BA (without mixed-grinding and 
mixed-grinding for 60min) reached to 70%. 
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Fig. 6.15 Microstructures for composite of Ore R and BA without 
mixed-grinding and mixed-grinding for 60 min after heating up to 850
o
C 
under 1.0MPa. 
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6.4 Conclusions  
The effect of mixed-grinding operation for preparation of raw materials on the 
reduction of composite was examined under different pressures. The mixed-grinding 
was conducted using planetary ball mill. Gasification and reduction behaviors were 
mainly examined by gas composition analysis and SEM observation. The results are 
summarized as follows: 
 
1) Mixed-grinding operation significantly decreases the particle size of both iron 
ore and carbonaceous materials. The contact area between iron oxide and carbonaceous 
materials also increase after mixed ground treatment. 
 
2) Mixed grinding treatment on raw materials remarkably promoted the 
gasification and reduction reactions of Ore M-BA and Ore R-BA composite and 
lowered the metallic iron formation in composite under the higher pressure condition. In 
the case of Ore M-BA composite with mixed-grinding treatment for 60min, for example, 
metallic iron phase formed at lower temperature, i.e., approximately 780
o
C under 
3.0MPa.  
 
3) Compared to Ore M-G composite reacted under 0.3MPa, mixed ground 
preparation of Ore R-BA composite reacted under 3.0MPa remarkably decrease. 
Temperature where reduction degree reached 70% for mixed-ground Ore R-BA 
composite under 3.0MPa was 250
o
C lower than that of Ore M-G composite reacted 
under 0.3MPa. 
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Chapter 7. Conclusions 
From the present study, it was found that the carbothermic reduction reaction of 
iron oxide-carbon composite was promoted under higher pressure.  
 
In chapter 1, the background of this study was introduced and the previous studies 
relating to the carbothermic reduction of iron oxide-carbon composite were reviewed. 
Further, the purposes of this study were clarified. 
 
In chapter 2, description of the special equipment used for high pressure reduction 
reaction experiments was introduced. Physical and chemical properties of raw materials 
were measured and the results were listed. 
 
In chapter 3, the carbothermic reduction of composite prepared using hematite 
reagent, Ore M and graphite reagent were examined. 
 Increasing pressure leads to increasing gasification and reduction degrees due to 
the promotion of heat transfer. Further, increase in pressure also leads to increase in 
partial pressure of CO2 which may promoted the gasification of carbon through 
increasing the absorbed amount of CO2 on carbon surface. Simultaneously, the indirect 
reduction of iron oxide are also been promoted with increase in gasification rate of 
carbon. 
 
In chapter 4, the gasification and reduction behaviors of Ore M composites 
prepared by using biomass chars BA and BA800 were examined.  
Reaction temperatures of Ore M-BA and M-BA800 composites are remarkably 
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lower than that of M-G composite due to the porous structure and volatile matter 
content of biomass charcoals. For Ore M-BA composite, increasing pressure leads to the 
decomposition of volatile matter shift to relatively higher temperature range and the 
amount of reductant gas becomes larger. The reduction of iron ore is promoted under 
higher pressure at relatively lower temperature. Under 3.0MPa, the reduction degree of 
M-BA composite increases since the reduction of iron oxide by H2 is promoted at lower 
temperature while the gasification of carbon is suppressed by the equilibrium of 
boudouard reaction. 
 
In chapter 5, possibility of Using Ores P and R with large amount of combined 
water on promoting reduction of composite under higher pressure was evaluated.  
Large specific surface areas of Ores P and R are larger than that of hard hematite 
Ore M due to formation of small pores after dehydration. Utilization of reducing gases 
formed by the decomposition of volatile matter in biomass char could be promoted by 
the use of these ores because of decomposition of tar at lower temperature. Positive 
effect of pressure on reduction of Ore P-BA and R-BA composites was observed. The 
contribution of volatile matters on the reduction degree in Ores P and R-BA composites 
is much larger than that of Ore M-BA composite under higher pressure. Use Ores P and 
R can decrease the reduction temperature of composite under higher pressure. 
 
In chapter 6, the effect of mixed-grinding treatment for raw materials on the 
reduction of composite was examined.  
Mixed-grinding treatment gives significant decrease in gasification and reduction 
temperatures of Ores-BA composites due to the remarkable decrease in particle size of 
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both the iron ore and carbonaceous materials. Temperature at where the metallic iron 
formation of mixed ground composites was further lowered with increase in pressure. 
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